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inTROducción

La depredación se considera como uno de los procesos claves en la regulación de
las poblaciones animales, así como uno de los factores selectivos más ampliamente
distribuidos en la naturaleza (Darwin 1859). En términos generales, puede definirse
como la interacción en la que un organismo captura y consume una fracción significa-
tiva de la biomasa de otro organismo (Abrams 2000). La depredación ejerce una
importante influencia sobre los organismos a escala individual, ecológica y evolutiva,
afectando tanto al comportamiento como a la morfología, la dinámica poblacional,
la estructura de las comunidades o las estrategias vitales de las especies (Sih 1992).
Por lo tanto, el riesgo de depredación puede ser considerado como una de las mayores
fuerzas selectivas en la evolución, favoreciendo la aparición de complejas estrategias
antidepredatorias tanto morfológicas como comportamentales (Lima y Dill 1990;
Lima 1998).
Un evento depredador puede ser descrito como un ciclo con diferentes fases que,
en total, componen un episodio de depredación: búsqueda, encuentro, detección,
identificación, ataque, captura y consumo de la presa (Endler 1991). Por supuesto, las
presas intentarán interrumpir este ciclo de eventos tan pronto como sea posible,
mediante elaboradas adaptaciones defensivas que pueden manifestarse a través de
modificaciones de su comportamiento, morfología o historia vital (Kats y Dill 1998).
Sin embargo, muchas de estas adaptaciones son costosas para las presas (Werner y
Anholdt 1996; Wisenden 2000; Werner y Peacor 2003). Por ejemplo, en el desarrollo
de estructuras defensivas un organismo puede consumir energía y recursos que
podrían haber sido invertidos en crecimiento o en reproducción. Asimismo, un cambio
de hábitat o de los patrones de actividad en presencia de los depredadores puede
disminuir la tasa de alimentación o la tasa de encuentros con potenciales parejas (Sih
1980; Lima y Dill 1990). Además, la presión depredadora puede obligar a los animales
a utilizar hábitats subóptimos (Gotceitas y Godin 1991) o a retrasar cambios ontogé-
nicos de nicho (Olson et al. 1995). La modificación de la historia vital para evitar el
riesgo de depredación también conlleva costes que pueden reflejarse en el acceso a
los sucesivos estadios del ciclo vital en condiciones que comprometan la supervivencia
de los individuos. Por ejemplo, el acortamiento de una fase del ciclo vital para escapar
de la depredación puede suponer para el individuo el acceso al siguiente estadio con
un menor desarrollo y por tanto una mayor vulnerabilidad frente a otros depredadores
o frente a las variaciones ambientales (Warkentin 1995; 1999; 2000).
Detección de depredadores y valoración del riesgo de depredación
Las señales acústicas, visuales, táctiles o químicas pueden aportar la información
necesaria para identificar a un potencial depredador, y pueden ser utilizadas en con-
junto o por separado, dependiendo del ambiente físico en el que se muevan las presas.
Independientemente del canal de información utilizado, la intensidad de la  respuesta
“La vida es un proceso de 
adquisición de conocimientos”
Konrad Lorenz
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antidepredatoria de un individuo debería ajustarse al riesgo de depredación al que
está sometido (Helfman 1989). Sin embargo, la elaboración y mantenimiento de
comportamientos antidepredatorios resulta costosa, ya que los individuos se enfrentan
a situaciones de compromiso en términos de tiempo y energía que pueden compro-
meter su éxito biológico (Helfman 1989).  De este modo, el desarrollo de mecanismos
para evaluar correctamente el riesgo de depredación, actuar de acuerdo con el nivel
de riesgo y minimizar los costes asociados, aportará ventajas evolutivas a las especies
presa. Así, las distintas especies han desarrollado diferentes formas de detectar y
evaluar el riesgo de depredación en función de las características del ambiente en el
que viven, así como distintas estrategias para minimizarlo en función de la presión
depredadora a la que son sometidas. Esta hipótesis se conoce como la “threat-sensitive
predator avoidance hypotesis” (hipótesis de la respuesta dependiente del nivel de riesgo
de depredación, Helfman 1989).
Señales químicas utilizadas en la detección de depredadores en medios
acuáticos
En aguas turbias o en medios complejos, con abundante vegetación, las presas
capaces de detectar las señales químicas que indican la presencia de los depredadores
tendrán más posibilidades de escapar que aquellas que utilizan únicamente el canal
visual (Kats y Dill 1998). Muchos trabajos previos han mostrado que un gran número
de organismos acuáticos modifican su morfología, comportamiento y/o características
del ciclo vital en presencia de señales químicas asociadas a la depredación, reduciendo
con ello el riesgo de ser capturados (revisiones en Kats y Dill 1998; Brönmark y Hans-
son 2000). Estas señales químicas proporcionan una manera muy precisa de evaluar
el riesgo de depredación.
En las interacciones depredador-presa existen básicamente cuatro fuentes de sus-
tancias químicas que previenen a las presas de la proximidad de un depredador: (1)
las sustancias liberadas por el propio depredador (denominadas cairomonas según la
definición de Dodson et al. 1994; Brönmark y Hansson 2000), (2) las sustancias emi-
tidas por una presa acosada y estresada pero no dañada (señales de estrés o “distur-
bance cues”, Chivers y Smith 1998), (3) las señales de alarma relacionadas con
sustancias emitidas por una presa cuando está siendo consumida por el depredador
(sustancias de alarma o “alarm cues”, Chivers y Smith 1998) y (4) aquellas relacionadas
con los productos de excreción emitidos por el depredador y asociadas al consumo de
una presa (Laurila et al. 1997; Chivers y Mirza 2001).
El reconocimiento de cualquiera de estos tipos de señales químicas representa una
ventaja para las presas, puesto que permite la evaluación del riesgo de depredación
desde la seguridad de un refugio, y la detección de un depredador en medios que difi-
culten la localización visual por ausencia de luz (por ej. medios turbios o profundos) o
debido a una alta complejidad estructural (por ej. con abundante vegetación), incluso
después de que el depredador haya abandonado el área (Dodson et al. 1994; Kats y
Dill 1998).
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Las cairomonas son señales químicas emitidas por los depredadores y utilizadas por las
presas en beneficio propio para detectar su presencia. Por tanto, no reportan ningún beneficio al
depredador (Weldon 1980; Larsson y Dodson 1993; Weber 2003). Las presas han evolucionado
para reconocer estas sustancias emitidas por los depredadores y utilizarlas en su propio beneficio,
ya que indican la cercanía de un potencial depredador (Hokit y Blaustein 1995). Puesto que la
emisión de señales químicas por parte del depredador produce un beneficio general en otro
contexto (por ej. en el reconocimiento de posibles parejas reproductoras), y dado que es imposible
su total supresión (como es el caso de los productos de excreción), la emisión de cairomonas debe
ser consecuentemente ajustada por el depredador, reduciendo en lo posible su utilización. La ha-
bilidad de las presas para reconocer depredadores a través de las cairomonas crea un escenario
coevolutivo que empuja a los depredadores a decidir entre minimizar la emisión de esas sustancias
químicas o modificarlas, al mismo tiempo que las presas se ven empujadas a aumentar su sensi-
bilidad a las señales existentes o desarrollar un reconocimiento de las nuevas señales.
Las señales de estrés (“disturbance cues”) son sustancias químicas liberadas por las presas
que han sido acosadas, pero no capturadas, por un depredador. Este tipo de señales ha sido muy
poco estudiado, sin embargo, los experimentos realizados en este campo sugieren un uso amplia-
mente extendido (Hazlett 1985; 1989; 1990a; 1990b; Wisenden et al. 1995; Kiesecker et al. 1999).
En algunas especies de anfibios, el amonio (NH4+) puede formar parte de esta señal. Varios estu-
dios demuestran que individuos sometidos a estrés depredatorio excretan mayor cantidad relativa
de este compuesto, al mismo tiempo que otros individuos sin estrés depredatorio, aumentan el
número de comportamientos antidepredatorios al ser expuestos a bajas concentraciones de amo-
nio (Hazlett 1990a; Kiesecker et al. 1999).
Las sustancias de alarma o feromonas de alarma (“alarm cues”, Blum 1969;Smith 1992) son
sustancias químicas liberadas por presas heridas por el depredador, y que producen una respuesta
antidepredatoria en individuos coespecíficos. Las adaptaciones defensivas desencadenadas por
las sustancias de alarma han sido documentadas en muchos grupos animales,  incluyendo insectos
terrestres (Blum 1985; Teerling et al. 1993; Manzoli-Palma et al. 1998), insectos acuáticos (Huryn
y Chivers 1999), crustáceos (Hazlett 1994), arácnidos (Machado et al. 2002), gasterópodos (Atema
y Stenzler 1977; Ichinose 2002), peces (Von Frisch 1938; Pfeiffer 1977; Mathis y Smith 1993a),
anfibios (Chivers et al. 1996a) y mamíferos (Rottmann y Snowdon 1972).
La dieta del depredador influye también en el reconocimiento por parte de la presa, de las
sustancias químicas que éste emite. Varios estudios han demostrado que los organismos presa
exhiben respuestas antidepredatorias ante señales químicas de depredadores que recientemente
han sido alimentados con individuos coespecíficos, pero no ante depredadores que han sido
alimentados con una dieta diferente (Chivers y Smith 1998). Estas respuestas antidepredatorias
han sido documentadas en larvas de insectos (Chivers et al. 1996b), anfibios (Wilson y Lefcort
1993; Laurila et al. 1998; Chivers y Mirza 2001), gasterópodos (Jacobsen y Stabell 1999), y
anémonas marinas (Howe y Harris 1978). En la mayoría de los casos las señales químicas libera-
das en los productos de excreción de los depredadores han sido directamente asociadas con las
sustancias de alarma de las presas (Howe y Harris 1978; Mathis y Smith 1993b; Stabell y Lwin
1997). Así, las sustancias de alarma emitidas por la presa al ser depredada, son liberadas por el
depredador en las heces, la orina o los productos respiratorios (Gelowitz et al. 1993) y reconocidas
por las demás presas.
Aprendizaje de depredadores
A lo largo de sus vidas, las presas se encuentran con multitud de otros animales,
algunos de los cuales pueden ser depredadores potenciales. Pero, ¿cómo pueden saber
los individuos qué especies son potencialmente peligrosas y cuáles no? Las respuestas
a las señales de los depredadores pueden estar fijadas genéticamente, y por tanto ser
innatas, o pueden también haber sido adquiridas por medio del aprendizaje. Muchos
vertebrados han demostrado poseer una capacidad innata para reconocer a sus
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depredadores; por ej. mamíferos (Barros et al. 2002), aves (Veen et al. 2000; Goth
2001), anfibios (Kats et al. 1988; Kiesecker y Blaustein 1997) y peces (Berejikian et al.
2003; Hawkins et al. 2004). Sin embargo, muchos otros estudios llevados ha cabo en
estos mismos grupos de animales, han demostrado que el reconocimiento de depre-
dadores es también el resultado de un aprendizaje; mamíferos (McLean et al. 2000;
Griffin et al. 2001), aves (Maloney y McLean 1995; McLean et al. 1999), anfibios (Sem-
litsch y Ryer 1992; Woody y Mathis 1998; Mirza et al. 2006; Gonzalo et al. 2007), y
peces (Chivers y Smith 1994; Ferrari et al. 2005).
La habilidad de aprender a reconocer nuevos depredadores tiene implicaciones
sumamente importantes para la supervivencia (Mirza y Chivers 2001). En general, la
depredación es muy variable a través del tiempo y el espacio (Hileman y Brodie 1994;
Sih et al. 2000; Mathis et al. 2003), con lo que la habilidad para aprender a reconocer
nuevos depredadores puede resultar más ventajosa que el reconocimiento innato, en
aquellas ocasiones en que las comunidades de depredadores no permanezcan
constantes durante largos periodos de tiempo.
El papel del hábitat en el desarrollo del aprendizaje
Los depredadores o el grado del riesgo de depredación al que se enfrenta un indi-
viduo pueden  variar a medida que éste crece (Brönmark y Miner 1992), debido a cam-
bios en sus  preferencias de hábitat (Werner y Gilliam 1984), o simplemente a cambios
provocados por el paso de las estaciones en las condiciones bióticas (por ej. variación
estacional de los depredadores), en las abióticas (por ej. desecación de las masas de
agua que habitan), o en ambas (Gilliam y Fraser 2001). De cualquier modo, la forma y
la frecuencia de la depredación pueden cambiar de año en año, de estación en estación,
de día en día; y no sólo temporalmente, sino también en el espacio (entre microhábi-
tats). Como resultado de estas variaciones, muchas veces resulta inviable para las pre-
sas adoptar la estrategia de evitar a todos los depredadores potenciales, ya que este
comportamiento supondría costes excesivos para el individuo, como por ejemplo, una
peligrosa reducción de su eficacia alimenticia y supervivencia (Lawler 1989; Skelly
1992). En este contexto inestable, los individuos capaces de tomar decisiones
antidepredatorias muy ajustadas y basadas en experiencias recientes (es decir,
individuos capaces de aprender y recordar) presentarían una ventaja adaptativa
(Brown y Chivers 2005). Así, las poblaciones expuestas a un riesgo de depredación
variable en el tiempo, pueden haber evolucionado hacia el uso de una respuesta
aprendida, que les permitiera balancear los compromisos (“trade-offs”) entre respues-
tas antidepredatorias y otros beneficios alimenticios o reproductivos.
De igual modo, en las poblaciones caracterizadas por una presión depredadora ele-
vada o por una diversidad reducida de depredadores, se puede predecir la existencia
de un riesgo de depredación poco variable en el tiempo. De este modo, las presas
reconocerán a un nuevo depredador de manera innata, simplemente porque se trata
una especie nueva. Esta estrategia evolutiva es conocida como neofobia (Breden et al.
1987). La neofobia puede ser adaptativa si la presión depredadora es muy alta, o si el
número de especies depredadoras es pequeño, o si concurren ambas circunstancias.
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Señales químicas y aprendizaje de depredadores por organismos acuáticos
Estudios realizados en diferentes especies han demostrado que las sustancias de
alarma liberadas por los individuos al ser atacados por un depredador, resultan  fun-
damentales en el proceso de aprendizaje de reconocimiento de nuevos depredadores
potenciales por individuos coespecíficos (revisión en Chivers y Smith 1998; Brown y
Chivers 2005). Por ejemplo, Chivers y Smith (1994a) demostraron que el piscardo
americano, Pimephales promelas, es capaz de aprender a reconocer el olor de un
depredador cuando éste le ha sido previamente presentado junto con sustancias de
alarma liberadas por coespecíficos. El aprendizaje se produce hasta el punto de que
un solo evento de condicionamiento es suficiente para desencadenar una respuesta
antidepredatoria y de que esta respuesta se mantiene incluso dos meses después del
condicionamiento. Numerosos investigadores han examinado el papel de esta sustancia
de alarma en P. promelas (Wisenden y Harter 2001; Ferrari et al. 2005; Ferrari y Chivers
2006a) y en otros peces, como los zebra danios (Brachydanio rerio: Suboski et al. 1990),
la trucha arcoiris (Oncorhynchus mykiss: Brown y Smith 1998), la trucha de arroyo
(Salvelinus fontinalis: Mirza y Chivers 2000), el salmón Chinook (Oncorhynchus
tshawytscha: Berejikian et al. 1999) y el espinoso de arroyo (Culaea inconstans: Chivers
et al. 1995). Este tipo de aprendizaje ha sido asimismo documentado en planarias
(Wisenden y Millard 2001), libélulas (Wisenden et al. 1997), caracoles (Rochette et al.
1998), cangrejos de río (Hazlett 2003) y en tres especie de anfibios: los tritones
Notophthalmus viridescens (Woody y Mathis 1998), los renacuajos del sapo Bufo
americanus (Mirza et al. 2006) y los renacuajos del la rana verde ibérica Pelophylax pe-
rezi (Gonzalo et al. 2007; presente tesis). En todos estos casos, las presas fueron capa-
ces de aprender a reconocer el olor de un depredador después de una única exposición
a la mezcla de la sustancia de alarma de individuos coespecíficos con sustancias
químicas de un depredador desconocido hasta ese momento.
Aprendizaje de depredadores: condicionamiento clásico
Las conclusiones de la mayoría de los experimentos sobre aprendizaje de recono-
cimiento de nuevos depredadores por parte de las presas dejan claro que se trata de
un aprendizaje asociativo, que puede ser considerado un ejemplo de condicionamiento
clásico Pavloviano (Blair et al. 2001; Maren 2001; Schafe et al. 2001). En el condicio-
namiento clásico, el sujeto aprende que existe una relación causal entre dos estímulos,
el estímulo incondicionado o natural (EI), el cual produce una respuesta incondicionada
fuerte y consistente, y un estímulo condicionado (EC), el cual, de forma aislada no pro-
duce una respuesta similar a la del EI, pero que, debido a que se presenta en asociación
con éste último, llega a desencadenar por sí solo una respuesta condicionada de igual
o similar efecto. En el aprendizaje de nuevos depredadores, un estímulo desconocido
por la presa, que no produce respuesta al inicio (estímulo neutro), es presentado junto
a un indicador de alto riesgo de depredación (EI), ante el cual se desencadena una
respuesta antidepredatoria. Tras el condicionamiento, la sola presencia del ahora EC
(antes neutro) desencadena en la presa una respuesta antidepredatoria similar a la
originada por el EI (Davis 2000).
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Aprendizaje y memoria
Aunque numerosos estudios han investigado el aprendizaje, muy pocos le han pres-
tado atención a la memoria, es decir a la capacidad de retener aquello que ya ha sido
aprendido. Los procesos de aprendizaje y memoria se encuentran muy ligados, ya que
el aprendizaje produce pocos beneficios si la información aprendida en un momento
dado no es almacenada o memorizada. Sin embargo, los procesos de aprendizaje y la
memoria son distintos. Aprender consiste esencialmente en la adquisición de nueva
información, mientras que la memoria tiene otros componentes, como la retención de
la información adquirida o la posibilidad de que ésta sea modificada por nuevas expe-
riencias (Shettleworth 1998). Estudios llevados a cabo en piscardos europeos (Phoxi-
nus phoxinus) o americanos (P. promelas) han demostrado que los individuos que
aprenden mediante condicionamiento a reconocer a un depredador nuevo, son capaces
de memorizar sus señales y de responder a las mismas, durante un periodo de tiempo
que varía entre unos días hasta varias semanas o meses después (Magurran 1989;
Chivers y Smith 1994a, 1994b; Brown y Smith 1998; Mirza y Chivers 2000). Además,
Hazlett et al. (2002), trabajando con diferentes especies de cangrejos de río, demos-
traron la existencia de diferencias en la retención de lo aprendido en base a las distintas
estrategias vitales de cada especie. Así, las especies invasoras recuerdan durante más
tiempo los depredadores potenciales con los que fueron condicionados, que las espe-
cies no invasoras. Esto parece indicar que la habilidad para aprender y memorizar
depredadores potenciales podría ser especialmente importante para la    supervivencia
de aquellas especies que pueden encontrarse con una gran variedad de depredadores
o que viven en ambientes muy variables. Sin embargo, las investigaciones dirigidas a
cuantificar la duración de la memoria o el ritmo de pérdida al que ésta se halla some-
tida, son mucho menos comunes que los estudios acerca de la adquisición de nueva
información (Shettleworth 1998). 
Mecanismos inhibidores del aprendizaje
La capacidad de aprender (y memorizar) depredadores potenciales puede resultar
de suma importancia para la supervivencia de los individuos, ya que les permite ajustar
su comportamiento al riesgo de depredación de cada momento. Sin embargo, existe el
peligro de que respondan con un comportamiento antidepredatorio a un estímulo cual-
quiera, simplemente porque en algún momento haya aparecido en conjunción con in-
dicadores de alto riesgo de depredación (sustancias de alarma). Por lo tanto, este tipo
de aprendizaje, basado en la presentación de dos estímulos de manera conjunta, puede
originar respuestas hacia estímulos irrelevantes desde el punto de vista de la depre-
dación. Por ejemplo, Magurran (1989) demostró que los piscardos europeos (Phoxinus
phoxinus) podían llegar a reconocer como depredador al inofensivo pez dorado. Otros
trabajos muestran resultados similares (Chivers y Smith 1994a; Yunquer et al. 1999).
Este tipo de respuestas a estímulos que no son peligrosos puede interferir con un com-
portamiento ajustado a la realidad del hábitat, y por tanto representa un coste para el
individuo (Brown y Chivers 2005). Sin embargo, existen mecanismos que pueden evitar
el mantenimiento de estas asociaciones. Los más importantes son la pérdida de memo-
ria, la inhibición latente y el aprendizaje de lo irrelevante.
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En algunas especies se puede apreciar que, una vez hecha la asociación, se produce
una disminución de la respuesta o una perdida de memoria con el tiempo, hasta llegar
a la extinción del comportamiento antidepredatorio (cangrejos de río:   Hazlett et al.
2002; peces: Ferrari y Chivers 2006b; anfibios: presente tesis, capítulo 3). Esta extin-
ción, lejos de ser un fallo de la memoria, puede ser una estrategia para tratar con
información confusa. Según Turner et al. (2005) los individuos se basan en las expe-
riencias más recientes para seleccionar el tipo de comportamiento antidepredatorio
más adecuado a cada circunstancia. Así, a medida que el momento del encuentro con
el depredador se aleja en el tiempo, y si no existe ningún nuevo refuerzo del condicio-
namiento (un nuevo encuentro con ambos estímulos asociados), los individuos pueden
llegar a olvidar la asociación creada y no perseverar en comportamientos antidepre-
datorios ante estímulos de especies no depredadoras que viven en el mismo hábitat.
La inhibición latente (“latent inhibition”) de una respuesta aprendida ocurre cuando
el individuo ha sido expuesto previamente a un estímulo neutro antes de encontrarse
con este estímulo en combinación con el estímulo incondicionado, lo que inhibe la
formación de la asociación (Ferguson et al. 2001). Así, la presencia de las señales de
un depredador sin la presencia de la sustancia de alarma inhibe un futuro aprendizaje,
el cual ocurriría, normalmente, cuando ambas sustancias asociadas. Acquistapace et
al. (2003) con cangrejos de río y Ferrari y Chivers (2006b) con piscardos americanos,
demostraron que los individuos expuestos repetidamente al olor de un depredador
potencial son incapaces de aprender a escapar de este olor cuando es presentado con
posterioridad en conjunción con sustancia de alarma de individuos coespecíficos. Este
mecanismo podría estar encaminado a evitar el aprendizaje de información irrelevante
y a evitar reaccionar ante especies no depredadoras con las que comparten hábitat.
El aprendizaje de lo irrelevante (“learned  irrelevance”) también provoca un fallo
aparente en la formación de asociaciones entre estímulos. Según Bennet et al. (2000)
este fenómeno ocurre cuando la exposición aleatoria a dos estímulos (el estímulo
neutro y el incondicionado) impide la formación de la asociación cuando ambos
estímulos se presentan conjuntamente. Hazlet (2003), en un experimento en el que
sometió a cangrejos de río al olor de un pez depredador y a sustancia de alarma de in-
dividuos coespecíficos en orden aleatorio antes de presentarles los dos estímulos jun-
tos, demostró que los cangrejos eran incapaces de realizar la asociación de ambos
estímulos y fallaban a la hora de reconocer al pez como depredador potencial. Sin em-
bargo, al igual que el anterior mecanismo, el aprendizaje de lo irrelevante podría estar
encaminado a evitar reacciones innecesarias ante especies no depredadoras con las
que los individuos comparten su hábitat.
Tanto en la inhibición latente como en el aprendizaje de lo irrelevante, la detección
de un estímulo procedente de un potencial depredador por parte de una presa no se
halla unida temporalmente a estímulos que indiquen un aumento de la presión de
depredación, por lo que, cuando los dos estímulos son detectados al mismo tiempo, la
formación de la asociación, y por tanto el aprendizaje, son inhibidos.
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Aprendizaje en anfibios
Aunque existen multitud de trabajos sobre aprendizaje, muy pocos se han llevado
a cabo en anfibios. Además de la presente tesis, sólo dos trabajos han descrito la capa-
cidad de aprender a reconocer depredadores nuevos en otros anfibios. Woody y Mathis
(1998) demostraron que los tritones adultos de la especie Notophthalmus viridiscens
eran capaces de asociar sustancia de alarma con olores de un depredador desconocido.
Lo mismo han demostrado Mirza et al. (2006) para los renacuajos del sapo americano
(Bufo americanus). Estas dos especies, al igual que la rana verde ibérica (Pelophylax
perezi, sobre la que trata la presente tesis), pasan largos periodos de su vida en fase
acuática y se encuentran ampliamente distribuidas en hábitats muy diversos, lo que
ocasiona su convivencia con una gran variedad de depredadores que pueden ir cam-
biando rápidamente. El aprendizaje puede ser fundamental en especies presa que viven
en hábitats donde las especies depredadoras varían en el tiempo o en hábitats en los
que pueden aparecer nuevos depredadores, y en aquellas especies que viven y se re-
producen en diferentes tipos de hábitats, puesto que pueden encontrarse con un rango
muy amplio y diverso de depredadores. Así, la capacidad de aprender el riesgo que
poseen nuevas especies depredadoras puede resultar muy ventajoso para los renacua-
jos o los tritones. Incluso, en algunas ocasiones, podría ser más ventajoso que la
capacidad de reconocer de manera innata distintos tipos de depredadores (Gonzalo et
al. 2007). Los resultados obtenidos hasta ahora sugieren que las especies de anfibios
con capacidad para aprender a reconocer nuevos depredadores acuáticos son aquellas
que pasan mucho tiempo en el agua (como ocurre con los tritones), o aquellas especies
de anuros cuyos renacuajos pasan por largos periodos de crecimiento antes de
metamorfosearse (Gonzalo et al. 2007).
¿Aprendizaje contra depredadores exóticos?
Actualmente, los depredadores introducidos están considerados como una de las
causas más importantes del declive de las especies, y de la pérdida de biodiversidad, a
lo largo de todo el mundo (Vitousek et al. 1997). Una revisión reciente (Salo et al. 2007)
sugiere que los depredadores exóticos suponen impactos más severos en las  pobla-
ciones de presas nativas que los depredadores nativos. Así, en las comunidades donde
las presas han coexistido con los depredadores por largos periodos de tiempo evolu-
tivo, estás han podido responder a la presión depredadora desarrollando comporta-
mientos o morfologías que reducen las oportunidades de encontrarse con los
depredadores o aumentan las oportunidades de escapar de ellos al detectarlos (Lima
y Dill 1990). En contraste con esto, las comunidades de presas con depredadores
introducidos no suelen tener experiencia con respecto a éstos y, por tanto, no poseen
comportamientos de escape específicos para hacer frente a los nuevos depredadores.
Esta inexperiencia de las presas puede facilitar en gran manera la eficacia en la caza
de los depredadores introducidos, en comparación con la que presentan los
depredadores nativos. 
Existen numerosos estudios en los que se ha documentado un declive en las pobla-
ciones de anfibios nativos tras la introducción de especies de depredadores exóticos
(por ej. Gamradt y Kats 1996; Goodsell y Kats 1999; Gillespie 2001, revisión en Kats y
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Ferrer, 2003). Sin embargo, otros estudios han mostrado la ausencia de tales efectos
(Kiesecker y Blaustein 1997). Según Chivers et al. (2001), esta falta de efectos negativos
puede deberse, en parte, al éxito de las ranas al reconocer y escapar de los depredado-
res introducidos. En el experimento de Chivers et al. (2001), individuos juveniles de
Rana aurora fueron capaces de reconocer señales químicas de la rana toro (Rana ca-
tesbiana), una especie depredadora introducida. No obstante, no pudo determinarse
si este reconocimiento por parte de los juveniles procedía de un proceso de aprendizaje
o si estaba genéticamente determinado, puesto que los juveniles provenían de una po-
blación sintópica con la rana toro. Aunque la capacidad de aprendizaje de nuevos de-
predadores ha sido muy estudiada, se podría esperar que éste mecanismo fuera usado
por especies que utilizan las sustancias de alarma como indicadores de peligro poten-
cial. Futuros estudios indicarán qué especies son capaces de aprender y cuales no. Éstas
últimas serán las especies más amenazadas por la introducción de nuevas especies de
depredadores. 
Especie de Estudio
La rana verde Ibérica (Pelophylax perezi) es una especie endémica de la Península Ibérica y
el sur de Francia, que se encuentra dentro del complejo sistema hibridogenético de las ranas ver-
des europeas (Garcia-París 1997).
Es una especie muy abundante y estrictamente acuática (Lizana et al. 1989) que ocupa todo
tipo de ambientes (Malkmus, 1982; Meijide et al., 1994; Lizana et al. 1995; Malkmus 1997), en-
contrándose tanto en medios lóticos (ríos, arroyos, ramblas, acequias), donde selecciona zonas
con escasa corriente, como lénticos (charcas, balsas agrícolas, marjales, zanjas, embalses) (Gracia
y Pleguezuelos 1990; Pollo et al. 1998; Egea-Serrano et al. 2005). Existe cierto grado de segrega-
ción espacial entre individuos adultos y juveniles ya que los subadultos ocupan charcas
temporales de escasa profundidad y arroyos con corriente rápida, donde no suelen encontrarse
adultos (Lizana et al. 1989). Por otra parte, se trata de una especie con escasos requerimientos
ecológicos (Llorente et al. 2002) y alta plasticidad ecológica, lo que la convierte en colonizadora
temprana de ambientes perturbados por acciones tales como minería o incendios (Sánchez y
Rubio 1996; Galán 1997a), así como de cuerpos de agua recientemente creados (Malkmus 1982).
La actividad reproductora es tardía y tiene lugar entre abril y finales de verano (Bea et al.
1994), las larvas eclosionan a los 5-8 días de la puesta, y al cabo de de 3-4 días comienzan a nadar
libremente (Vidal 1966; Gonzalez de la Vega 1988) predominantemente en el fondo y en la co-
lumna de agua (Díaz-Paniagua 1987). El estadio larvario es relativamente largo, teniendo lugar
la metamorfosis a las 8-12 semanas de la puesta (Gonzalez de la Vega 1988), aunque existen
numerosas larvas invernantes procedentes de puestas tardías que triplican el tamaño para el
mismo estadio larvario y se metamorfosean al año siguiente (Hernandez y Seva 1986).
Las larvas son típicos habitantes del fondo de los cuerpos de agua (Díaz-Paniagua 1985).
Dado el tardío período reproductor de la especie, ocupan masas de agua con características
propias del verano: menores dimensiones, menor cobertura vegetal, mayor temperatura y
menores concentraciones de oxígeno (Díaz-Paniagua 1983; Díaz-Paniagua 1988). Casi siempre
ocupan aguas relativamente profundas y permanentes (García-París 1989), aunque pueden
desarrollarse también en charcas temporales. Son depredadas por anfibios (Pleurodeles waltl)
(Santos et al. 1986), reptiles (Natrix maura, Mauremys leprosa, Emys orbicularis) (Santos y
Llorente 1998; Santos et al. 2000; Gómez-Mestre y Keller 2003) y crustáceos (Cruz y Rebelo 2005;
datos propios). La introducción de especies exóticas, como peces (Gambusia hobrooki, Carasius
auratus) o crustáceos (Procambarus clarkii), en cuerpos de agua donde la especie estaba presente
ha conducido a la regresión de diversas poblaciones en la Península Ibérica (Galán 1997b;
Martínez-Solano et al. 2003; Rodríguez et al. 2005).
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Objetivos de la presente tesis:
El objetivo general de la presente tesis es estudiar y clarificar como actúan los me-
canismos de aprendizaje (definido como el cambio en el patrón de comportamiento
individual basándose en la experiencia) para permitir a las presas enfrentarse a
cualquier peligro presente en el ambiente (incluso aquellos en principio novedosos o
desconocidos). En particular, se quiere profundizar en la manera en que la presa ad-
quiere   información sobre la identidad y la peligrosidad de los depredadores y cómo
ajusta continuamente sus respuestas ante los riesgos existentes y la información reci-
bida del medio.
La especie elegida para la realización de la tesis, la rana verde ibérica, presenta unas
características ideales para el estudio del aprendizaje como una respuesta adaptativa
ante la depredación: es un anfibio estrictamente acuático, con ubicuidad en el hábitat,
una alta plasticidad ecológica y un largo periodo larvario. Estas características hacen
que la detección de depredadores por señales químicas sea un mecanismo muy ven-
tajoso para esta especie, y que sea proclive a presentar mecanismos de aprendizaje ya
que se encuentran en ambientes altamente variables y con una gran diversidad de
potenciales depredadores que varían a lo largo del tiempo y de los hábitats. En esta
tesis se explorará la capacidad de esta rana para tomar decisiones ajustadas de escape
de acuerdo a sus experiencias recientes.
Capítulo 1: La hipótesis de la respuesta dependiente del nivel de riesgo de depredación
(“threat-sensitive predator avoidance hypotesis”) nos dice que la intensidad de la
respuesta antidepredatoria de un individuo debería ajustarse al riesgo de depredación
al que está sometido (Helfman 1989). Así, las presas deberían evaluar el riesgo
existente y comportarse de un modo flexible dependiendo de su intensidad. En este
capítulo se examina la capacidad de los renacuajos de rana verde ibérica para evaluar
el riesgo que supone un depredador conocido y actuar en consecuencia a su nivel de
peligrosidad, al mismo tiempo que se comprueba la capacidad de aprendizaje que
poseen estos renacuajos al presentárseles un posible nuevo depredador en conjunción
con indicadores de alto riesgo de depredación.
Capítulo 2: El aprendizaje es el primer paso de la adquisición de memoria, que consiste
en retener lo aprendido y la posibilidad de modificar la información gracias a nuevas
experiencias. La habilidad de memorizar nuevos depredadores puede ser muy
ventajosa para la supervivencia, sin embargo responder a todos las señales químicas
porque accidentalmente han aparecido una vez mezcladas con señales de alarma puede
ser muy costoso (Lima y Dill 1990). En este capítulo se examina la capacidad de reten-
ción de la información que poseen los renacuajos de la rana verde ibérica y si la pérdida
de la memoria es un mecanismo efectivo para evitar desencadenar comportamientos
antidepredadores no adaptativos en presencia de especies no peligrosas con las que
comparten el hábitat.
Capítulo 3: Aparte de la pérdida de la memoria, existen dos mecanismos particular-
mente relevantes para evitar situaciones en las que una señal química sea reconocida
y recordada como peligrosa. Ambos se basan en la detección previa de la señal sin estar
unida a indicadores de alarma. En este capítulo se analiza la presencia en los renacuajos
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de estos dos mecanismos: la inhibición latente y el aprendizaje de lo irrelevante y cómo
son capaces de inhibir los procesos de aprendizaje de nuevos depredadores.
Capítulo 4: Existen dos sustancias químicas relacionadas con el riesgo de depredación
emitidas por las presas, las sustancias de alarma y las de estrés. Tradicionalmente
las sustancias de alarma han sido consideradas indicadores de alto riesgo para
los individuos coespecíficos mientras que las sistancias de estrés conllevan un riesgo
menor. En este capítulo examinamos si ambas sustancias provocan una reacción anti-
depredatoria ajustada a su nivel de riesgo y si existen diferencias en el aprendizaje
mediado por ambas sustancias.
Capítulo 5: En los anfibios, la metamorfosis conlleva un cambio de requerimientos
ecológicos y una gran transformación tanto corporal como fisiológica. Los anfibios
metamorfoseados generalmente utilizan señales visuales o auditivas para reconocer
a los depredadores, pero al escapar saltan y se esconden en el agua. En el medio acua-
tico un individuo metamorfico capaz de retener la capacidad de los renacuajos para
detectar señales químicas sería muy ventajoso ya que le permitiria evaluar posibles
riesgos. Es este capítulo se examina la capacidad de individuos recién metamorfosea-
dos para seleccionar un hábitat en función de las sustancias químicas presentes en él,
ya sean de depredadores o de individuos coespecíficos.
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cAPÍTuLO i   
LOS RENACUAJOS DE RANA VERDE IBÉRICA
PUEDEN APRENDER A RECONOCER NUEVOS
DEPREDADORES MEDIANTE LAS SEñALES DE
ALARMA DE INDIVIDUOS COESPECíFICOS
IBERIAN GREEN FROG TADPOLES MAY LEARN
TO RECOGNIZE NOVEL PREDATORS FROM
CHEMICAL ALARM CUES OF CONSPECIFICS

En este trabajo hemos examinado la habilidad de los renacuajos
de rana verde ibérica (Pelophylax perezi) para evaluar la magnitud del
riesgo de depredación y ajustar su comportamiento utilizando señales
químicas de una serpiente depredadora, cuando esta señal química se les
presentaba sola o mezclada con sustancia de alarma de individuos coes-
pecíficos. Así, Los renacuajos expuestos a las señales de alarma junto con
las señales químicas de la serpiente redujeron sus movimientos conside-
rablemente más que cuando se les presentaban solo las señales químicas
de la  serpiente. También examinamos si los renacuajos eran capaces de
asociar señales  químicas nuevas y desconocidas para ellos (es decir, de
un pez exótico no peligroso) con un riesgo de depredación después de la
exposición simultánea de estas con sustancia de alarma de individuos co-
específicos. Los renacuajos expuestos al las señales químicas del pez
inofensivo en  conjunto con la sustancia de alarma redujeron sus niveles
de actividad, y posteriormente también redujeron su actividad en una
exposición  posterior sólo a las señales químicas del pez, de una manera
similar a como la redujeron en presencia de las señales químicas de
la serpiente. Por lo tanto, los renacuajos aprendieron a reconocer las
señales químicas del pez como peligrosas cuando previamente habían
sido asociadas con sustancia de alarma de individuos coespecíficos. La
habilidad de aprender a reconocer depredadores puede ser particular-
mente ventajosa para organismos que viven en ambientes con una alta
diversidad de depredadores, incluso especies  exóticas introducidas que
pueden llegar a afectar a su supervivencia.
Este cápitulo se corresponde con: Gonzalo A, Lopez P, Martín J (2007) Iberian green frog tadpoles may
learn to recognize novel predators from chemical alarm cues of conspecifics. Anim Behav 74:447–453

IberIan green frog tadpoles may learn to recognIze novel
predators from chemIcal alarm cues of conspecIfIcs
Many antipredator adaptations are induced by the prey’s ability to recognise chemical
cues from predators and to act according to the threat level posed by that predator.
However, predator recognition often requires learning by prey individuals. We tested the
ability of Iberian green frog (Pelophylax perezi) tadpoles to assess the magnitude of
predation risk and adjust their behaviour by using perceived cues from a predatory snake,
when this stimulus was found alone or associated with chemical alarm cues from
conspecific tadpoles. Tadpoles exposed to alarm cues and the predatory snake scent
together reduced their movement rates to a greater extent than when the snake scent
was found alone, and reduced movement even more in the subsequent exposure to the
predator snake scent alone. We also tested whether tadpoles were able to associate novel
chemical cues (i.e. from an exotic non-predatory fish) with predation risk after a simul-
taneous exposure with conspecific alarm cues. Tadpoles exposed to non-predatory fish
cues and alarm cues together reduced their activity levels, and reduced activity in the
subsequent exposure to the fish cue alone, in a similar way as they reduced movement in
presence of predatory snake cues. Therefore, tadpoles learnt to perceive the fish cues as
risky when these were previously associated with alarm cues. Predator recognition
learning ability may be particularly advantageous for organisms whose environment
may have a wide range of types of predators, even new exotic introduced species of
predators that can affect the survival of prey.
IntroductIon
An important component of antipre-
dator behaviour is the ability to detect
and recognize predators (Lima and Dill
1990). Many antipredator adaptations
are induced or mediated by the prey’s
ability to  recognise chemical cues from
predators (Kats and Dill 1998). Many
aquatic animals, including some inverte-
brates, fishes and amphibians, use che-
mical cues to assess predation risk (e.g.
Von Frisch 1938; Petranka et al. 1987;
Dodson et al. 1994; Kiesecker et al. 1996;
Chivers and Smith 1998). Chemical cues
may arise from the predators, but often
they may be released by prey animals
when they are captured by a predator
(i.e. alarm cues) (Chivers and Smith
1998; Kats and Dill 1998), which serve as
a reliable and imminent indicator of risk 
of risk for conspecifics (Chivers and
Smith 1998).
Prey animals can reduce the probabi-
lity of being captured by a predator by
altering their behaviour after detecting
cues that indicate increased predation
risk (reviewed by Kats and Dill 1998).
Thus, a higher responsiveness to preda-
tor or alarm cues may increase prey sur-
vival probabilities (Downes 2002).
However, according to the threat-sensi-
tive hypothesis (Helfman 1989), natural
selection should favour individuals that
take action appropriate to the magnitude
of threat, which would require an accu-
rate discrimination of the current level of
risk that each predator poses. Thus, the
response of prey to predators may be
context dependent (Maerz et al. 2001).
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For example, many prey species only
respond to chemical cues of a predator
when the predator is fed a diet that con-
tains conspecifics (e.g. Mathis and Smith
1993; Wilson and Lefcort 1993; Chivers
et al. 1996).
In some cases, predator recognition
requires learning by prey individuals
(e.g. fishes: Mathis and Smith 1993; dam-
selfly larvae: Chivers et al. 1996; crayfish:
Hazlett 2003). Individuals must expe-
rience simultaneously a predator cue and
a danger cue, such as an alarm chemical
cue released by a crushed conspecific,
before the predator cue is considered as
a danger signal. The ability to acquire re-
cognition of predation risk is of obvious
fitness benefit. Chemical alarm signals
have been shown to be important in faci-
litating learned recognition of predation
risk by prey animals such as fishes (Göz
1941, Magurran 1989, Chivers and Smith
1994, 1998; Mathis and Smith 1993; Lar-
son and McCormick 2005) or adult newts
(Woody and Mathis 1998). Releaser-
induced recognition learning involves
the simultaneous exposure to aversive
stimulus and a neutral stimulus causing
learned aversion to the neutral stimuli
(Yunker et al. 1999). The result of this le-
arning mechanism is acquired predator
recognition in which predator naïve indi-
viduals show appropriate antipredator
behaviour to the cue of a potential pre-
dator even though they have had no di-
rect exposure to the predator. Several
authors have demonstrated such acqui-
red predator recognition in fishes by pai-
ring alarm cues with the  visual or
chemical cues of a predator (e.g. Chivers
and Smith 1994, 1995; Larson and
McCormick 2005). Therefore, the ability
of prey to learn to recognize a novel
predator should minimize the prey’s risk
of capture. 
Predator recognition abilities of prey
animals may have implications for cu-
rrent conservation issues. For example,
although the effects of introduced preda-
tors on native species are complex
(Kiesecker and Blaustein 1997, 1998),
many amphibian populations have
declined after the introduction of exotic
predator species (Kiesecker and Blaus-
tein 1998; Kupferburg 1997). Tadpoles
have evolved a number of behavioural
and morphological adaptations to sur-
vive and coexist with their natural
predators, but those antidepredator me-
chanisms that exist for native predators
may not be sufficient to allow coexis-
tence with introduced predator species
(Gamradt and Kats 1996). Thus, several
studies have found that amphibian popu-
lations were affected by new introduced
predators (Goodsell and Kats 1999;
Adams 1999; Kiesecker and Blaustein
1997; Knapp and Matthews 2000;
Murray et al. 2004), but not all amphi-
bian species were negatively affected
(Hecnar and M´Closkey 1997). Recently,
Bosch et al. (2006) have found that Rana
iberica tadpoles could detect chemical
cues from both native and exotic trout
species and reacted by decreasing their
activity, although the response toward
native predators was stronger than the
response toward exotic trout. The  au-
thors suggested that these antipredator
behavioural responses were inefficient
against the introduced trout, but did not
reveal the origin of this antipredator be-
haviour in response to exotic predators.
We hypothesised that tadpoles respon-
ses might be elicited because exotic trout
released chemicals cues similar to those
released by native trout, but it also
remains possible that R. iberica tadpoles
were able to learn recognition of new
potential predators.
In this study, we examined whether
tadpoles of the Iberian green frogs (P.
perezi) can use chemical cues of preda-
tors and/or alarm substances released
from conspecifics to adjust their beha-
viour in response to the perceived
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predation risk. Furthermore, we aimed
to determine whether tadpoles can learn
to associate chemical cues to which tad-
poles can not be genetically predisposed
(e.g. those from non-predatory exotic fish
species) with predation risk through
their association with the simultaneous
presence of alarm cues of conspecifics. 
methods
study animals
We collected 63 Iberian green frog
tadpoles (SVL, Mean±SE=1.3±1.2 cm,
Gosner’s stage: 24; see Gosner 1960) by
netting during July 2005 at several small
ponds in Collado Mediano (Madrid,
central Spain). Tadpoles were housed
individually at “El Ventorrillo” Field
Station, 10 km from the capture area, in
plastic aquaria (18 x 25 cm and 10 cm
high) with water at ambient temperature
and under a natural photoperiod. They
were fed every two days with commer-
cial fish flakes.
We also captured in a larger pond at
the same locality two Viperine snakes,
Natrix maura, to be used as native preda-
tor scent donors. This snake is predomi-
nantly aquatic and mainly feeds on
amphibians, both larvae and adults, and
fishes (Haley and Davies 1986; Braña
1998). Snakes were housed individually
in plastic cages (36 x 25 cm and 13 cm
high) containing sawdust and tree bark
for cover and a pond with water (10 cm
diameter). The snakes’ cages were placed
in a different room than the tadpoles’
aquaria to avoid contact with the scent
and visual stimuli before they were tes-
ted. To avoid potential confounding
effects of the diet on the results, all sna-
kes were fed small pieces of commercial
freshwater fishes, obtained from a fish-
market, for 3 weeks before collecting
their chemical stimuli.
We obtained from a commercial
dealer non predatory zebra danio fish
(Brachyodanio rerio) to be used as source
of neutral scent. Before and after the ex-
periment finished, fishes were maintai-
ned in a large filtered aquarium and
regularly fed with commercial fish flakes.
All the animals were healthy during
the trials, all maintained or increased
their original body mass, and all tadpoles
metamorphosed into subadult frogs.
These frogs and the snakes were retur-
ned to their exact capture site. The expe-
riments were performed under license
from the “Consejería de Medioambiente
de la Comunidad de Madrid” (the Envi-
ronmental Agency of the local Govern-
ment of Madrid). Procedures are
conformed to recommended guidelines
for use of live Amphibians in laboratory
research (ASIH 2004).
preparation of chemical stimuli
Alarm cues of tadpoles were prepared
from  three  tadpoles  (SVL, Mean
±SE=1.2±0.1 cm). They were cold anes-
thetised by placing at 4 °C for 20 min,
inducing them deep hypothermia, and,
then, euthanasied with a quick blow to
the head to avoid suffering (ASIH 2004).
We did not use a chemical anaesthetic,
because these chemicals may interfere
with natural tadpoles’ chemical cues in
subsequent trials. The extract was then
prepared by putting these dead tadpoles
in a clean   disposable plastic dish, and
macerating them in 600 mL of distilled
water. The stimulus water was then filte-
red through absorbent paper to remove
solid particles, and immediately frozen
in 10 mL portions until used (Woody and
Mathis 1998). 
The snake scent was prepared by
placing the snakes individually in cages
(36 x 25 cm and 13 cm high) containing
500 mL of clean water and left overnight.
Then, we extracted and mixed the water,
and frozen it in 10 mL portions until use.
Clean water was collected from a nearby
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high mountain spring that did not house
frogs nor fishes nor snakes.
The neutral stimulus was prepared by
placing zebra danio fishes in groups of
three into a 3 L aquariumthree into a 3 L
aquarium with clean water for 3 days.
These aquaria were aerated but not filte-
red. Fishes were not fed during this short
period to avoid contaminating water
with food odour. Thereafter, water was
drawn from the aquaria and frozen in 10
mL portions until its use in experiments.
Fishes were returned and fed in their
home large aquaria. We prepared control
water in an identical manner but without
placing fishes or snakes in the aquaria
(Woody and Mathis 1998).
experimental design
We planned an experiment with
sequential determined trials to condition
the tadpoles, and tried to determine
whether frog tadpoles were able to
assess predation risk and to learn recog-
nition of novel predators. Between trials
we allowed the tadpoles to rest for one
day to avoid stress. We randomly distri-
buted the tadpoles in four different
treatments of 15 tadpoles each, and con-
ducted the experiment in two different
series. In each trial single individual
tadpoles were tested separately. Thus,
different trials were considered as repli-
cates of each treatment. In the first series
(Series 1), on Day 1 (’response to control
clean water alone’) individual tadpoles
(n=30) from two treatments (‘control’
and ‘experimental’) were tested with
clean water. The objective of this trial
was to determine the basal activity levels
of tadpoles in a predator-free environ-
ment, and to use this number as a control
for the effect of predator and alarm che-
mical cues in further trials. On Day 3 (‘in-
itial response to chemical cues’)
individual tadpoles from the ‘control’
treatment were exposed to the snake
predator chemical cues alone mixed with
clean water. Individual tadpoles from the
‘experimental’ treatment were exposed
to both the scent of the predatory snake
and conspecific chemical alarm cues,
thus, simulating the cues from a preda-
tory snake that was eating a conspecific
tadpole. This allowed us to measure the
effect of the alarm cues on tadpole beha-
viour. The objective of this trial was to
determine whether frog tadpoles would
react to the paired presentation of cons-
pecific alarm cues and predator chemical
cues. On Day 5 (‘conditioned response to
the predator stimulus’) individual tadpo-
les from the two treatments were expo-
sed to the predatory snake chemical cues
alone mixed with clean water. The objec-
tive of this trial was to determine whe-
ther tadpoles were able to adjust their
behaviour accordingly to the predation
risk perceived in the previous trial. We
predicted that tadpoles from the experi-
mental treatment would have a greater
fright reaction than tadpoles from the
control treatment because the previous
simultaneous presentation of predator
and alarm cues would indicate that the
predator was more dangerous than when
the predator cues were presented alone.
In the second series (Series 2), we
used different individual tadpoles
(n=30), to avoid previous experience. We
followed the same procedure as in pre-
vious series; Day 1 (‘response to control
clean water alone’), Day 3 (‘initial res-
ponse to chemical cues’), and Day 5
(‘conditioned response to the non-preda-
tory cues’). However, we used non-pre-
datory fish scent instead of predatory
snake scent. The objective of this experi-
ment was to determine whether tadpoles
would react to the paired presentation of
conspecific alarm cues and neutral che-
mical cues from non-predatory fish (i.e.
cues not previously associated with
danger). Such paired stimuli might be
experienced by a predator naïve prey
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exposed simultaneously to conspecific
alarm cues and the scent of a predator, or
to chemical cues from a predator that
was eating a conspecific. We aimed to de-
termine whether   tadpoles were able to
learn to recognize and associate the neu-
tral cue with danger after the previous
exposure.after the previous exposure.
We predicted than only tadpoles of the
experimental treatment (i.e. conditioned
with conspecific alarm cue and the neu-
tral cue) would respond with a fright re-
action to the neutral cue alone. The two
series were carried out in parallel, and
observations were carried out blind.
Tadpoles were tested individually in
grey, U-shaped, gutters (101 x 11.4 cm
and 6.4 cm high) sealed at both ends with
plastic caps. We marked the internal part
of the gutters with four crossing lines
that created five subdivisions of equal
surface. We made rectangular release
cages (21x7.6 cm and 6.4 cm high) by se-
wing to gether clear, perforated plastic
normally used for needlepoint (2 mm
square holes), which were placed in the
middle of the central subdivisions. We
filled each gutter with 3 L of clean water
from a mountain spring at 20 °C, and pla-
ced clear plastic over each trough on
either side of the cage to isolate the
system from air movements in the tes-
ting room (see Rohr and Madison 2001).
We made different test solutions, 20
mL each (2 ice aliquots), using combina-
tions of clean water or water with alarm
cues, and water with snake or fish scent,
and a control treatment of clean water
alone. We assigned test solutions to one
end of each trough (right or left) by stra-
tified randomization, and assigned 20
mL of clean water (2 ice aliquots) to the
opposite end.
We placed a single tadpole covered
with a release cage in each gutter, and
waited 5 min for habituation. Then we
deposited the test solution ices and we
began trials by slowly lifting the cages
above each tadpole 5 min after we depo-
sited the test solution ices aliquots (i.e.
after the ices aliquots had entirely
thawed). We subsequently stood as
motionless as possible recording from a
hidden point the quadrant that each
tadpole occupied at 1 min intervals for
30 min. We calculated levels of activity
from the number of lines crossed by each
tadpole during the observation period
(Rohr and Madison 2001). Diffusion of
chemicals in still water may be a slow
process. However, all individual tadpoles
used in the experiment were observed at
least once in all of the subdivisions of the
gutter, so we were confident that all tad-
poles were really exposed to the chemi-
cal stimuli. Moreover, tadpoles often
showed episodes of fast swimming
which should contribute to diffuse che-
micals in water.
Levels of activity (number of lines
crossed) were log10 transformed and
then tested by general linear modelling
(GLM) (Grafen and Hails 2002). We used
day of the ‘trial’ as a within variable, and
‘predator’ (i.e. snake vs. fish) and ‘alarm’
(i.e. control treatment with absence of
alarm cues vs. experimental treatment
with presence of alarm cues) as catego-
rical between variables. We included the
interactions between variables in the
model to test for the effects of the diffe-
rent treatments (with or without alarm
cues) depending on the type of predator
cues and the day of the trial. Subsequent
post hoc multiple comparisons were
made using Tukey’s pairwise compari-
sons (Sokal and Rohlf 1995).
results
On average, tadpoles reduced their
activity more with predatory snake
chemical cues (Series 1) than with non-
predatory fish chemical cues (Series 2)
(‘predator’ effect; Table 1; Fig. 1). Also,
control tadpoles were more active than
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experimental tadpoles conditioned with
conspecific alarm cues (‘alarm’ effect),
and  there were significant differences
between the three days of the experi-
ments (‘trial’ effect); all tadpoles being
more active the first day than the rest of
the days (Table 1). However, all the
two-way interactions between factors
were significant.
In Series 1 (Fig, 1a), activity levels on
Day 1 (water alone) did not differ bet-
ween control and experimental tadpoles
(Tukey’s tests, P=0.60). On Day 3 (preda-
tory snake chemical cues with or without
alarm cues) tadpoles from the two treat-
ments decreased their activity in relation
to the previous day (P=0.001 in both
cases), but experimental tadpoles  expo-
sed to snake cues combined with alarm
cues decreased significantly more their
activity than control tadpoles exposed to
snake cues alone (P<0.0001). Finally, on
Day 5 (snake cues alone) the activity of
control tadpoles did not change with res-
pect to their activity on Day 3 (P=0.90),
but activity increased significantly in
experimental tadpoles (P=0.0001),
although it did not reach the activity le-
vels of the control treatment on this Day
5 (P=0.0001). 
In Series 2 (Fig. 1b), activity levels on
Day 1 (water alone) did not differ bet-
ween the two treatments of tadpoles
(Tukey’s tests, P=0.99). On Day 3 (fish
chemical cues with or without alarm
cues), activity decreased significantly
only in experimental tadpoles exposed to
fish cues combined with alarm cues
(P=0.0001), but it did not change signifi-
cantly in control tadpoles exposed to fish
chemical cues alone (P=0.60). On Day 5
(fish cues alone), activity of control tad-
poles did not change with respect to the
previous days 1 and 3 (P=0.90), whereas
activity of experimental tadpoles increa-
sed significantly with respect to the pre-
vious day 3 (P=0.0001), but without
reaching the activity levels of control tad-
poles (P=0.009). In addition, there was a
no significant three-way interaction bet-
ween the factors and the trials, which
indicated that tadpoles reacted in a simi-
lar way in the two series of the experi-
ment, and showed that the alarm cue
table 1. Results of a GLM testing the effects of ‘predator’ type (snake vs. fish) and presence or
absence of ‘alarm’ chemical cues (between effects) on the activity levels of Iberian green frog
tadpoles in the different days of the ‘trials’ (within effect) (see methods).
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effect was more important than the
effect of the type of predator (snake vs.
fish) (Table 1). Thus, comparing the two
series there were no significant differen-
ces between the four treatments of tad-
poles in the level of activity on Day 1
(water alone) (Tukey’s tests, P>0.60, in
all cases). On Day 3, there were no signi-
ficant differences between tadpoles from
the two experimental treatments, which
decreased their activity level in a similar
way in presence of alarm chemical cues,
regardless of whether these were chemi-
cal cues from a predatory snake or from
a non-predatory fish. Also on Day 3, there
were no significant differences between
tadpoles from the two control treatments
(P=0.90). This showed that, although
tadpoles did recognise the snake cues
alone as a predator (because they decre-
ased activity with respect to the water
alone condition; see above) and did not
recognise the fish cues as a predator (be-
cause there were not differences with
respect to the water alone, see above),
the effect of the predator chemical cues
alone was lower than the effect of the
predator cues combined with conspecific
alarm cues. Finally, on Day 5, there were
no significant differences between tadpo-
les from the two control treatments
(P=0.71), but there were significant dif-
ferences between tadpoles from the two
experimental treatments (P=0.04). This
showed that, although conditioned tad-
poles were able to recognise the fish as
a potential predator, tadpoles reacted
more strongly to the snake chemical cues
alone than to the fish cues alone (see
above).
dIscussIon
Our results firstly show that P. perezi
tadpoles display antipredator behaviours
(i.e. a reduction in activity) in response
to chemical cues released from conspeci-
fics. This is a typical antipredatory res-
ponse to the presence of alarm signals,
commonly reported in tadpoles of other
frog species, but that was, however, gene-
rally assumed absent in Ranid frogs (e.g.
Gohner and Pfeiffer 1996), such as our
study species. Furthermore, our results
figure 1. Activity levels of tadpoles (Mean+SE log transformed number of lines crossed by tadpoles
during 30 min) in successive trials with clean water alone (Day 1), and water with chemical cues
from (a) predatory snake or (b) non-predatory fish (Days 3 and 5), with (black  circles) or without
(open circles) conspecific alarm cues added on day 3 only.
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indicated that P. perezi tadpoles were
able to modify their antipredatory beha-
viour according to their previous expe-
rience with chemical cues of the
predator. At the end of the Series 1, con-
ditioned experimental tadpoles decrea-
sed their activity more than control
tadpoles when exposed to snake chemi-
cal cues alone, after the previous presen-
tation of snake chemical cues in
conjunction with alarm cues. This solu-
tion mix could simulate the chemical
cues released by a predator that was ea-
ting a conspecific  tadpole, and, thus, a
tadpole can attribute to that predator a
higher risk than to a potential predator
but that was not actually attacking tad-
poles. Thus, tadpoles seemed to assess
the magnitude of predation risk and ad-
justed their behaviour by using perceived
cues that vary according to the simulated
predator diet.
The results suggested that the
response of frog tadpoles represented a
form of threat-sensitivity (Helfman
1989). According to the threat-sensitivity
hypothesis, prey species should behave
flexibly towards a varying degree of pre-
dator threat and, consequently, leave
more time for other activities when the
threat is     low (Helfman 1989). The be-
havioural   response elicited by the pre-
datory snake in control tadpoles was
weaker than that elicited by the same
snake in experimental tadpoles. This sug-
gested that snakes were not perceived to
be very dangerous predators unless the
tadpoles had been previously exposed to
snakes that “had eaten conspecifics” (i.e.
mix of alarm cues plus snake chemical
cues). Thus, alarm cues marked snakes,
and allowed tadpoles to recognize snakes
as dangerous predator in future encoun-
ters regardless of the snake’s recent diet.
In our case, this snake species preys
mainly on adult (or metamorphosed)
frogs, although it can also preys on tad-
poles in lower proportions (Braña 1998).
Thus, it is possible that tadpoles percei-
ved this snake species not to be a very
dangerous predator, unless they assessed
that this snake was actually preying on
tadpoles.
Furthermore, tadpoles were able to
become conditioned to recognize a novel
and non-dangerous chemical cue as
dangerous through associations of this
cue with conspecific chemical alarm
cues. Thus, experimental tadpoles were
conditioned to recognize B. rerio (a non-
predatory fish) as a predator after the
simultaneous exposure to conspecific
alarm cues. As in the previous experi-
ment, when we simulated a predator
eating tadpoles, the alarm cues marked
that “novel predator” as dangerous, and
fish were recognized as predators in
subsequent exposures. 
Fish are well known for their ability to
acquire recognition of novel stimuli as
dangerous. A single, simultaneous expo-
sure to conspecific alarm cues and a
novel stimulus transfers risk to the novel
stimulus whether or not it is a novel che-
mical cue (e.g. Göz 1941; Chivers and
Smith 1995; Suboski et al. 1990, review
by Smith 1992, 1997). Fish learned to re-
cognize and avoid predator chemical
cues after a single simultaneous encoun-
ter with predator and conspecific alarm
cues. The ability to acquire recognition of
novel   predators has also been found in
platyhelminths (Wisenden and Millard
2001), crayfish (Hazlett 2003) and dam-
selflies (Chivers et al. 1996). In amphi-
bians we are only aware of one paper
which found this ability in adults newts
Notophthalmus viridiscens (Woody and
Mathis 1998). These authors found that
newts that spent all of their adult life in
water were able to associate chemical
alarm cues with chemicals from an unfa-
miliar predator. Our results showed that
green frog tadpoles were able to learn as
dangerous a chemical cue from a non
predator fish. Therefore, this learning
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mechanism may be  especially important
to the survivorship of prey species that
are likely to find a high variety of preda-
tors while they are in the aquatic phase.
To learn to recognize novel predators also
may be of particular importance to prey
species that live in habitats where the pre-
dator species vary across seasons or
where new species of predators could ap-
pear (such as introduced predators). Prey
species that live and breed in different
kinds of aquatic habitats (such as green
frogs) may experience a wide range of
types of predators.Having the capacity of
learning about the actual danger of new
species could be very advantageous for
their tadpoles, even more than having a
genetically determined capacity to recog-
nize diverse types of predators. 
Some studies have documented the
decline of native frogs following the
introduction of exotic predator species
(e.g. Gamradt and Kats 1996; Goodsell and
Kats 1999; Gillespie 2001), but other
studies reported a lack of effects (Kiesec-
ker and Blaustein 1997). According to
Chivers et al. (2001) this may be in part
due to the success of these frogs in recog-
nizing and avoiding introduced predators.
In the experiment of Chivers et al. (2001),
juvenile treefrogs were able to recognize
chemicals from an introduced predatory
species (bullfrog), but it was not determi-
ned whether treefrogs learnt that bull-
frogs were a threat or whether the
recognition was genetically determined,
because treefrogs came from a population
syntopic with bullfrogs. Thus, most
studies about new predator-species
recognition have ignored the mechanisms
which allow the recognition of a novel
chemical stimulus  as  a potential predator.
In our study, we found that this mecha-
nism may be the association between the
conspecific alarm cues with an unknown
stimulus. Therefore, we could expect that
this mechanism was also used in other
species which use alarm cues. 
Our results suggested that learning to
recognize novels predators could be a
possible mechanism to face up exotic
introduced predators. The effects of  intro-
duced predators on native species are
complex (Kiesecker and Blaustein 1997,
1998). The ability of prey to recognize an
introduced predator should minimize the
prey’s risk of capture (Kiesecker and
Blaustein 1997; Chivers et al. 2001).
However, recognition of the predator does
not by itself imply that there will not be
significant predator effects, or the res-
ponse elicited could be inefficient against
the introduced species (Bosh et al. 2001).
Our results showed that, although
conditioned tadpoles were able to recog-
nize the fish as a potential predator,
tadpoles reacted more strongly to the
snake chemical cues than to the fish cues.
This result may imply that tadpoles were
more sensitive to native predators than to
novel introduced ones. Recognition of
snakes may be, thus, genetically determi-
ned, but also it is likely that tadpoles may
require more frequent exposures to the
novel fish chemical cue combined with
alarm cues to elicit a fright response simi-
lar to that elicited from native predatory
snakes (reinforcement). Nevertheless,
since we only tested one native and one
novel predator species, the different
responses to snake and fish might be
predator-class or -species specific, and, for
example, the response to a novel snake
might be as great as for the native snake
predator. Further experiments that repli-
cate predator types (i.e. multiple novel
and native predators) are needed to
explain these differences. 
Our knowledge of amphibian capacity
for learning recognition of new predators
is poor. But, it seems an important mecha-
nism to avoid new or introduced preda-
tors. The results of Woody and Mathis
(1998) and our own data suggest that
amphibian species with a higher capacity
of learning recognition of new aquatic
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predators may be those that spend a lot
of time in the water, such as aquatic
newts or anuran species whose tadpoles
have long periods of growth before me-
tamorphosis (e.g. Iberian green frogs).
Further experiments are needed to as-
certain which species are able to learn
about new predators, and which species
can not, as these would be the species
most at risk from introduced predator
species. 
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cAPÍTuLO ii   
APRENDIZAJE, MEMORIA Y OLVIDO APARENTE
DE SEñALES qUíMICAS PROCEDENTES DE NUEVOS
DEPREDADORES EN RENACUAJOS DE RANA VERDE
LEARNING, MEMORIZING AND APPARENT FOR-
GETTING OF CHEMICAL CUES FROM NEw PRE-
DATORS BY IBERIAN GREEN FROG TADPOLES

Muchas adaptaciones antidepredatorias son provocadas por la
habilidad de las presas para reconocer señales químicas de los depreda-
dores y actuar de acuerdo al nivel de riesgo que posee ese depredador.
Sin embargo, en algunos casos, el reconocimiento de los depredadores
requiere que las presas pasen por un proceso de aprendizaje. Los
renacuajos de rana verde ibérica (Pelophylax perezi) poseen la habilidad
de aprender a reconocer nuevos depredadores potenciales. En este tra-
bajo hemos examinado las capacidades de retención de lo aprendido (me-
moria) de estos renacuajos. Los renacuajos fueron condicionados con
señales químicas de un pez exótico inofensivo en conjunto con sustancias
de alarma de individuos coespecíficos y se examinó si eran capaces de re-
tener la respuesta  condicionada (una reducción en el nivel de actividad).
Encontramos que los renacuajos condicionados reducían sus niveles de
actividad en las  subsecuentes exposiciones sólo a las señales químicas
del pez. Los renacuajos fueron capaces de recordar esta asociación y de
responder consecuentemente por lo menos hasta nueve días después del
condicionamiento. La habilidad para aprender a reconocer  y memorizar
depredadores  potenciales puede ser de especial importancia para la su-
pervivencia de las presas que pueden llegar a encontrarse con una alta
variedad de depredadores. Sin embargo, después de esos nueve días, en
ausencia de refuerzo, hay una falta de repuesta a las señales químicas
del pez. Esta ausencia de respuesta puede ser explicada si los renacuajos
se comportan de acuerdo a la hipótesis de la respuesta dependiente del
riesgo de depredación, y el riesgo percibido en la señal química aprendida
disminuye con el tiempo. Pero también puede ser debida a un proceso de
aparente pérdida de memoria para evitar respuestas no adaptativas a
señales químicas de especies no peligrosas que aleatoriamente aparecie-
ran mezcladas con la sustancia de alarma. Así, este estudio demuestra
que los renacuajos de rana verde Ibérica, en ausencia de refuerzo, recuer-
dan las señales químicas de un depredador aprendido solo por un tiempo
limitado, lo que puede ser adaptativo en un contexto de percepción de
amenaza.
Este cápitulo se corresponde con: Gonzalo A, López P, Martín J (2009) Learning, memorizing and
apparent forgetting of chemical cues from new predators by Iberian green frog tadpoles. Anim Cognit
(in press).

LearnIng, memorIzIng and apparent forgettIng
of chemIcaL cues from new predators
by IberIan green frog tadpoLes
Many antipredator adaptations are induced by the prey’s ability to recognize chemical
cues from predators. However, predator recognition often requires learning by prey
individuals. Iberian green frog tadpoles (Pelophylax perezi) have the ability to learn new
potential predators. Here, we tested the memory capabilities of Iberian green frog
tadpoles. We conditioned tadpoles with chemicals cues from a nonpredatory fish in
conjunction with conspecific alarm cues, and examined whether tadpoles retained their
conditioned response (reduction of activity level). We found that conditioned tadpoles
reduced their activity levels in subsequent exposures to the nonpredatory fish cues alone.
Tadpoles were able to remember this association and reduced movement rate at least for
nine days after. The ability to learn and memorize potential predators may be especially
important for the survivorship of prey species that are likely to find a high variety of
predators. However, after those nine days there was a lack of response to the non-preda-
tory fish cues alone in absence of reinforcement. This could be explained if tadpoles
behave according to the threat sensitive predator avoidance hypothesis, and the perceived
risk to the learning cue diminished over time, or it could be due to an apparent forgetting
process to avoid nonadaptative responses to chemical cues of nondangerous species that
were randomly paired with alarm cues. Thus, this study demonstrates that green frog
tadpoles in the absence of reinforcement remember the chemical cues of a learned
predator only for a limited time which may be adaptative in a threat-sensitive context.
IntroductIon
Predators often induce shifts in prey
behavior and antipredatory behavior is
often mediated by the prey’s ability to
recognize chemical cues from predators
and to react according to the threat level
posed by that predator (Lima and Dill
1990; Lima 1998). Failure to respond to
a potential predator may be fatal. Howe-
ver, unnecessary antipredatory behavior
may have direct energetic costs as well as
costs associated with reduced opportu-
nity to feed or reproduce (Lima and Dill
1990). Sensory information obtained
about a predator may assist an organism
in assessing the potential risk accurately
and,    therefore, reduce these costs (Lima
and Dill 1990; Chivers and Smith 1998).
Experience with predation cues is an      
important element in the development of
antipredator behavior in a wide range of
vertebrates (Von Frisch 1938; Petranka
et al. 1987; Kiesecker al. 1996; Chivers
and Smith 1998) as well as invertebrates
(Dodson et al. 1994; Jacobsen and Stabell
2004; see review in Kats and Dill 1998).
Therefore, learning may conceivably af-
fect several aspects of antipredator beha-
vior and experience may enhance the
ability to recognize predators. 
In aquatic environments, reception of
chemical cues released by predators and
injured prey is an important sensory
mode by which most prey gather infor-
mation about the threat of predation
(Dodson et al. 1994; Chivers and Smith
1998; Kats and Dill 1998). There are a
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variety of chemical cues associated with
predation, some from the predator
(kairomones) and other cues released by
injured prey (i.e., alarm cues; Chivers and
Smith 1998; Kats and Dill 1998). Chemi-
cal alarm cues are important in facilita-
ting   learned recognition of predation
risk by prey animals such as many fishes
(Göz 1941; Magurran 1989; Mathis and
Smith 1993; Chivers and Smith 1994a,
1998; Larson and McCormick 2005),
adult newts (Woody and Mathis 1998) or
frog and toad tadpoles (Mirza et al 2006;
Gonzalo et al. 2007). Releaser induced
recognition learning involves the simul-
taneous exposure to an aversive stimulus
and a neutral stimulus causing learned
aversion to the neutral stimuli (Yunker et
al. 1999). The result of this learning
mechanism is acquired predator recog-
nition in which predator näıve indivi-
duals show appropriate antipredator
behavior to the cue of a potential preda-
tor even though they have had no direct
exposure to the predator. Several authors
have showed such acquired predator re-
cognition by pairing alarm cues with the
visual or chemical cues of a predator
(e.g.,        Chivers and Smith 1994a; Larson
and McCormick 2005; Gonzalo et al.
2007).
Although numerous studies have
investigated learning, less attention has
been directed at memory. Learning and
memory are linked; there is little point to
learning if the information cannot be
recalled and remembered. However, the
processes are distinct, and there are dif-
ferences between them. Learning is es-
sentially the acquisition of memory,
whereas memory has other composites,
such as retention and the potential for
interference (Shettleworth 1998).
European and fathead minnows, after
learning predator recognition by condi-
tioning them with alarm cues, retain the
memory of the  potential predator and
respond to their signals a few days to
several weeks after (Magurran 1989; Chi-
vers and Smith 1994a, 1994b; Brown
and Smith 1998; Mirza and Chivers
2000). Also, different species of crayfish
present different times of retention of the
learning response  (Hazlett et al. 2002).
Research directed at quantifying me-
mory duration, how rates of forgetting
progress or what factors cause variation
in forgetting rates is far less common
than studies investigating the acquisition
of information (Shettleworth 1998).
Some studies in the past have interpreted
failure to continue to  respond to certain
stimuli as memory  "failure” with poten-
tially negative fitness consequences. Ho-
wever, since adaptive forgetting was
proposed (Kraemer and Golding 1997),
very few studies have explored this topic
(Brown et al 2002, Golub and Brown
2003, Hawkins et al. 2007).
Amphibians can learn that unknown
cues are dangerous when these unk-
nown cues are mixed with conspecific
alarm cues (Mirza et al. 2006; Gonzalo et
al. 2007). Even cues from nonpredatory
species can be learned as dangerous
(Gonzalo et al. 2007). However, the po-
tential retention of this learning associa-
tion in amphibians remains unexplored.
The aim of this study was to examine the
retention in the near future of a conditio-
ned response to a “new” predator by Ibe-
rian green frog tadpoles (Pelophylax
perezi), and discuss the possible adapta-
tive significance of the lack of this
response in a threat-sensitive context. 
Iberian green frogs live and breed in
different kinds of aquatic habitats (Gar-
cía-París 2000) with a wide range of
types of predators. Also, tadpoles of
these frogs have long periods of growth
before metamorphosis (García-París
2000), and their predator species vary
across seasons. A previous study showed
that Iberian green frog tadpoles that had
been exposed to non-predatory fish che-
mical cues mixed with conspecific alarm
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cues responded two day later to the
“new” predator (non-predatory fish)
cues alone with a reduction of activity
(Gonzalo et al. 2007). Thus learning and
memory could be especially important
mechanisms for the survivorship of tad-
poles and for accurately assessing the
risk posed by a predator. Then, to test the
duration of the response to a “new” pre-
dator in the near future, we conditioned
Iberian green frog tadpoles with chemi-
cals cues from a nonpredatory fish (i.e.
cues not previously associated with dan-
ger) in conjunction  with conspecific
alarm cues, and examined whether
tadpoles retained their conditioned
response. 
methods
study animals
We collected 185 Iberian green frog
tadpoles (SLV, Mean+SE=5.4±0.2 cm;
Gosner’s stage=25; see Gosner 1960) by
netting during July of 2007 at several
small ponds in Collado Mediano (Madrid,
Central Spain). Tadpoles were housed in
groups of five tadpoles at “El Ventorrillo”
Field Station, 10 km from the capture
area, in plastic aquaria (49x29 cm and 25
cm high) with 5 L of water at ambient
temperature and under a natural photo-
period. They were fed every day with
commercial fish flakes.
We obtained from a commercial
dealer nonpredatory zebra danio fish
(Brachyodanio rerio) to be used as source
of neutral scent. Before and after the end
of the experiment, fishes were maintai-
ned in a large filtered aquarium and re-
gularly fed with commercial fish flakes.
All the animals were healthy during the
trials; all maintained or increased their
original body mass. 
preparation of chemical stimuli
Alarm cues of tadpoles were  prepa-
red from three tadpoles (SLV, Mean±SE=
4.2±0.1 cm). They were cold anestheti-
zed by placing at 4 °C for 20 min, indu-
cing deep hypothermia, and, then were
euthanasied with a quick blow to the
head to avoid suffering (ASIH 2004). We
did not use a chemical anaesthetic be-
cause these chemicals may interfere with
natural    tadpoles’ chemical cues in sub-
sequent trials. The extract was then pre-
pared by putting these dead tadpoles in
a clean   disposable plastic dish, and ma-
cerating them in 3000 mL of distilled
water. The stimulus water was then filte-
red through absorbent paper to remove
solid particles, and immediately frozen in
10 mL portions until used (Woody and
Mathis 1998). 
The fish stimulus was prepared by
placing ten zebra danio fishes into a 10 L
aquarium with clean water for three
days. These aquaria were aerated but not
filtered. Fishes were not fed during this
short period to avoid contaminating
water with food odor. Thereafter, water
was drawn from the aquaria and frozen
in 10 mL  portions until its use in experi-
ments. Fishes were returned and fed in
their home aquaria. We prepared control
water in an identical manner but without
placing fish in the aquaria (Woody and
Mathis 1998).
experimental design
We randomly assigned each group of
five tadpoles to two different treatments
(control group, N=90; or experimental
group, N=90). On the first day of the ex-
periment tadpoles from the ‘control’
treatment were exposed to the fish
chemical cues alone mixed with clean
water. At the same time, tadpoles from
the ‘experimental’ treatment were expo-
sed to both the scent of the fish and cons-
pecific chemical alarm cues, thus,
simulating the cues from a predatory fish
that was eating a conspecific tadpole. A
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previous study showed that tadpoles
conditioned with these mix of stimuli
(fish and alarm cues) were two days later
able to recognize the fish chemical cues
alone as coming from a predator (Gon-
zalo et al. 2007). Thus, experimental tad-
poles were considered as conditioned.
The conditioning events (control and ex-
perimental) were carried on in the tad-
poles’ home plastic aquaria (49x29 cm
and 25 cm high) to avoid stress due to
transfer from one aquaria to another. We
made different conditioning solutions, 20
mL each (2 ice aliquots), using combina-
tions of clean water with fish chemical
cues, and alarm cues with fish chemical
cues. After ice aliquots were thawed we
pipetted conditioning solutions in the
centre of the aquaria.
To test for the duration of the res-
ponse to this predator recognition, on
days 3, 6, 9, 12, 15 or 18 after the initial
conditioning, different individuals from
the two treatments were tested with the
fish chemical cues alone in clean water.
15 individuals from the two groups were
tested at the same time in parallel and
observations were carried out blind to
the tadpole treatment. Each day, we tes-
ted 15 individuals from each of the two
groups (control and experimental).
These tadpoles were chosen randomly
from the several groups we had. After the
trial, tadpoles were kept separately and
not used in subsequent trials. New indi-
vidual tadpoles were used in each trial to
ensure that we were just testing the ca-
pacity of retention of the learning asso-
ciation. We could not use the same
individual tadpoles in more than one test
because successive exposures without
reinforcement could lead to learning the
innocuousness of the “non-dangerous”
predator (Hazlett 2003) or habituation
to the predator cues, so that the results
of the experiment would not reflect du-
ration of the response alone.
Tadpoles were tested individually in
grey, U-shaped gutters (101x11 cm and
6 cm high) sealed at both ends with plas-
tic caps (see Rohr and Madison 2001 for
detailed descriptions). We marked the
internal part of the gutters with four
crossing lines that created five subdivi-
sions of equal surface. We filled each
gutter with 3 L of clean water (20 °C)
from a mountain spring, which did not
contain fish. We   placed clear plastic over
each trough on either side of the cage
to isolate the system from air movements
in the testing room (see Rohr and Madi-
son 2001). Each trial lasted 1 h and
consisted of a 30 min pre-stimulus
period and a 30 min post- stimulus
period separated by a stimulus introduc-
tion. We assigned test solutions (10 mL
of fish scent) to one end of each trough
(right or left) by stratified randomiza-
tion, and assigned 10 mL of clean water
to the opposite end. We placed a single
tadpole in each gutter, and waited 5 min
for acclimatation. Then, we started the
‘pre-stimulus’ test (30 min). Thereafter,
we added the test solution and, then,
immediately started the ‘post-stimulus’
period (30 min). During both the pre-
and the post-stimulus periods we recor-
ded from a blind the quadrant that each
tadpole occupied at 1 min intervals for
30 min. We calculated the number of
lines crossed for all periods and this was
considered as an index of general activity
(Rohr and Madison 2001; Gonzalo et al.
2007). Diffusion of chemicals in still
water may be a slow process. However,
all individual tadpoles used in the expe-
riment were observed at least once in all
of the subdivisions of the gutter, so we
were confident that all tadpoles were
really exposed to the chemical stimuli.
Moreover, tadpoles often showed
episodes of fast swimming which should
contribute to diffuse chemicals in water. 
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data analyses
For each trial we calculated levels of
activity as the difference between the
numbers of line crossed between the pre
and post-stimulus periods. Positive va-
lues indicate increased movement follo-
wing addition of the stimulus; negative
values indicate decreased activity. Data
were log transformed to ensure norma-
lity (Shapiro–Wilk’s tests, P>0.05 in all
cases) and homogeneity of variances (Le-
vene's tests, P>0.05 in all cases), and then
tested by general linear modeling (GLM;
Grafen and Hails 2002). We used ‘day’ of
the trial (i.e., munber of days since the in-
itial conditioning event) and ‘conditio-
ning’ (i.e., control treatment conditioning
with the absence of alarm cues vs expe-
rimental treatment conditioning with the
presence of alarm cues) as categorical
variables. We included the interactions
between variables in the model to test for
the effects of the different treatments
(conditioned with or without alarm
cues) depending on the day of the trial.
Subsequent post hoc multiple compari-
sons were made using Tukey’s pairwise
comparisons (Sokal and Rohlf 1995).
resuLts
On average, control tadpoles were
more active than experimental tadpoles
conditioned with conspecific alarm cue
(‘conditioning’ effect: F1,168=31.05,
P<0.0001; Fig. 1). Also, there were signi-
ficant differences between the different
days of the trials (‘days’ effect:
F5,168=6.45, P<0.002). Therefore, overall
activity of tadpoles increased over time
since the    initial conditioning event. Ho-
wever, the interaction between factors
was significant (F5,168=3.76, P=0.002;
Fig. 1). Thus, three days after the initial
conditioning event experimental tadpo-
les, previously exposed to a combination
of alarm cues and fish odor; significantly
decreased activity in comparison with
control tadpoles (Tukey’s test: P=0.02),
the same difference was noted six
(P=0.001) and nine days (P=0.003) after
the conditioning event. However, on days
twelve, fifteen and eighteen there were
no significant differences in activity bet-
ween experimental and  control tadpoles
(P≥0.90 in all cases). Although, there
were no significant differences in activity
level between days for the control tadpo-
les (P≥0.05 in all cases), there were
significant differences between the expe-
rimental tadpoles depending of the day;
activity of experimental tadpoles did not
differ on days three, six, and nine (P≥0.90
in all cases), but activity was significantly
lower on these days than on days fifteen
and eighteen (P<0.02), which were not
significantly different between them
(P=0.90). Beginning on day twelve and
each test day thereafter,  activity of expe-
rimental tadpoles was not   significantly
different from activity of experimental
tadpoles (P≥0.20 in all cases).
dIscussIon
Our results showed that three, six and
nine days after exposure to chemical cues
from the potential predatory fish, the
experimental Iberian green frog tadpoles
displayed antipredator behaviors (i.e., a
reduction in activity) in response to
these chemical cues, suggesting that tad-
poles still remembered the learned cue
association nine days after exposure.
Twelve days after the initial conditioning,
mean activity of experimental tadpoles in
response to fish chemical cues was hig-
her but variance was also high, sugges-
ting that some of the experimental
tadpoles, but not others, still were able to
react to the fish as a predator. In contrast,
at fifteen and eighteen days post-expo-
sure, experimental tadpoles did not show
any antipredator behavior, and behaved
as the control tadpoles. Several studies
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showed that fishes are able to retain the
memory of the potential predator and
respond to their signals a few days to se-
veral months after (Chivers and Smith
1998; Brown and Smith 1998,  Berejikian
et al. 1999; Mirza and Chivers 2000).
These studies also reported that the res-
ponse became weak over time,which
suggests that reinforcement may be ne-
cessary to maintain the intensity of the
response. Hawkins et al. (2007) showed
that, in fishes, the learned responses
disappear as the prey individual gets
larger and outgrow the predator. Howe-
ver, in our experiment, tadpoles did not
increase significantly their size across
the experiment, and zebra danio fish
used as scent donors were smaller than
tadpoles from the beginning of the expe-
riment. This suggests that tadpoles could
not accurately assess the size of the fish
and it rejects that the lack of antipredator
response might be due to tadpoles’
growth. Thus, our data showed a decline
in response that can also be attributed to
the lack of reinforcement.
The ability to learn and memorize
potential predators may be especially
important for the survivorship of prey
species that are likely to find a high va-
riety of predators while they are in the
aquatic phase. Thus, learning and me-
mory may enable animals to adjust their
behavior in variable environments.
However, to always respond to a chemi-
cal cue as dangerous only because it coin-
cidentally appeared once mixed with
chemical alarm cues could be very costly
figure 1. Mean (±SE) activity level (i.e., difference between the numbers of line crossing between
the pre and post-stimulus periods) of experimental and control tadpoles when exposed to non-
predatory fish alone, at several days after initial conditioning with fish cues mixed with conspecific
alarm cues. Different letters above bars indicate significant differences (Tukey’s tests, P<0.05).
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(Lima and Dill 1990). In those circums-
tances, the longer the time interval
between successive contacts with a par-
ticular cue labeled as “dangerous”, the
more likely that it was not actually dan-
gerous. Thus, the lack of antipredator
response, far from a failed memory, could
be a powerful strategy for dealing with
conflicting information. In another expe-
riment (Gonzalo et al. 2007) Iberian
green frog tadpoles behaved according to
the threat sensitive predator avoidance
hypothesis (Helfman 1989) when they
were confronted with a native predator
snake (to which they innately react, Gon-
zalo et al. unpublished data). Thus, sna-
kes were not perceived to be very
dangerous  predators unless the  tadpo-
les had been previously exposed to
snakes that ‘had eaten conspecifics’ (i.e.
mix of alarm cues plus snake chemical
cues). According to the threat sensitive
predator avoidance hypothesis, prey spe-
cies should behave flexibly towards a
varying degree of predator threat and,
consequently, leave more time for other
activities when the threat is low (Helf-
man 1989). If tadpoles reacted very we-
akly to a natural and familiar predator
that is not actually attacking tadpoles, it
is possible that they were assessing risk
based on predator diet and adaptively
balancing the costs and benefits of pre-
dator avoidance. In the present study, we
gave to tadpoles incomplete or unreliable
information      regarding a new predator
identity, allowing them only to “smell” a
new potential predator. As tadpoles did
not have other additional information on
the actual risk of this particular predator,
the selection of an antipredator behavior
should be informed by recent experien-
ces (Turner et al. 2005, Ferrari and
Chivers 2006). Thus, as time goes by
from the encounter with the potential
predator, the perceived risk would dimi-
nish over time from the exposure to the
conditioning event and fish percived as
low risk predators due to lack of reinfor-
cement. It would also allow tadpoles to
show avoidance   behaviors only in the
face of active predators and high preda-
tion risk, and to reduce costs associated
with unnecessary antipredatory beha-
vior. This hypothesis  is supported by a
range of studies examining memory that
have revealed that, even after apparent
forgetting, a latent (residual) memory
persists and can be revealed by facilita-
ted acquisition in a subsequent learning
event (Plotkin and Oakley 1975; Matzel
et al. 1992; Monk et al. 1996; Nicholson
et al. 2003; Philips et al. 2006). Thus,
a memory may outlast its behavioral
expression.
However, Philips et al. (2006) also
found that in water snails, latent memory
to attacks with electric shocks decayed at
four days. Thus, the lack of antipredator
response could also be due to a real
forgetting phenomenon (Philips et al.
2006). Traditionally, forgetting was con-
sidered a failing of memory, but over the
past decades researchers have moved
towards the idea that the ability to forget
may be advantageous (Kraemer and
Golding 1997). Learning and memory
allow animals to adjust their behavior to
adapt to changeable environments and
thus cope with a degree of unpredictabi-
lity (Shettleworth 1998). In such envi-
ronments, animals that use learning and
memory to hone their behavior will have
advantages over other more behaviorally
fixed individuals. However, animals
continually receive information about
their environment and must filter this
information to focus on those aspects
most important to survival (Dukas
2002). Thus, prey are often confronted
with   multiple types of potential preda-
tors, and a response caused by a coinci-
dental pairing of unrelated cues inducing
antipredator behavior could prove very
costly to prey species. Forgetting proces-
ses that help map an animal’s behavior to
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the instabilities inherent in a changing
environment could, thus, contribute to
survival (Hendersen 1985). In natural
conditions, tadpoles have to encounter a
wide range of mixed cues (e.g., alarm
cues, predator cues, nonpredator cues).
As we see in the present study, to elicit an
antipredator response to predator cues
during the first days, even overestima-
ting the potential risk level, could be
adaptative because tadpoles had recent
passed through a conditioning event of
biological importance (learning a new
dangerous predator). However, as time
passes and tadpoles do not face up the
same ‘predator that had eaten conspeci-
fics’ (i.e., the mix of fish cues with alarm
cue), the possibility of the two cues acci-
dentally appearing together increases.
Therefore, to lose the tencency to res-
pond  to the previous association could
be adaptative, because it may prevent
tadpoles to do not persevere with mala-
daptive antipredator behaviors towards
non-dangerous species that live in the
same habitat.
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cAPÍTuLO iii   
OLVIDO ADAPTATIVO EN RENACUAJOS DE RANA
VERDE: LA INHIBICIÓN LATENTE Y EL APRENDI-
ZAJE DE LO IRRELEVANTE PUEDEN EVITAR FALSOS
RECONOCIMIENTOS DE DEPREDADORES
ADAPTATIVE FORGETTING IN FROG
TADPOLES: LATENT INHIBITION AND
LEARNING IRRELEVANCE MAY AVOID
PREDATOR MISIDENTIFICATION

El reconocimiento de los depredadores a menudo necesita un
proceso de aprendizaje por parte de las presas. Los renacuajos de rana
verde ibérica (Pelophylax perezi) tienen la habilidad de aprender a re-
conocer nuevos depredadores potenciales cuando encuentran sus señales
químicas  asociadas con sustancias de alarma de individuos coespecíficos.
Pero, una respuesta antidepredadora desencadenada por una asociación
aleatoria de señales químicas no relacionadas puede ser muy costosa
para las presas. En este trabajo hemos estudiado dos fenómenos (la in-
hibición latente y el aprendizaje de lo irrelevante) que pueden ayudar a
los renacuajos a evitar las  respuestas no adaptativas hacia señales quí-
micas de especies no peligrosas que pueden aparecer aleatoriamente
asociadas a señales de alarma. Nuestros resultados demuestran que,
cuando los renacuajos de rana verde Ibérica son sometidos a un patrón
aleatorio de señales de alarma y  sustancias químicas de un nuevo de-
predador, durante los cuatro días  anteriores o posteriores a la detección
simultánea de ambos, no se forma ninguna asociación de aprendizaje.
Estos resultados muestran la  existencia de un efecto de “aprendizaje de
lo irrelevante” en los patrones de aprendizaje de los renacuajos de esta
especie. Además, los renacuajos claramente inhibieron la formación de
una asociación entre las sustancias químicas de un nuevo depredador y
la señal de alto riesgo de  depredación después de un periodo de cuatro
días durante el que fueron expuestos sólo a las señales químicas del de-
predador. Este resultado muestra la existencia de un efecto de “inhibición
latente”  en el aprendizaje de sustancias relacionadas con un aumento
del riesgo de depredación. Ambos mecanismos (aprendizaje de lo irrele-
vante e inhibición latente) lejos de ser considerados un fallo en el reco-
nocimiento de depredadores, pueden ser vistos como vías adaptativas
para enfrentarse con información conflictiva, y como estrategias para
evitar el aprendizaje de información irrelevante que desencadenen
costosas respuestas  antidepredatorias ante estímulos de individuos no
depredadores. 
Este cápitulo se corresponde con: Gonzalo A, López P, Martín J. Adaptative forgetting in frog tadpoles:
latent inhibition and learning irrelevance may avoid predator misidentification. Anim Behav
(Submited manuscript).

AdAptAtIve forgettIng In frog tAdpoles: lAtent
InhIbItIon And leArnIng IrrelevAnce mAy
AvoId predAtor mIsIdentIfIcAtIon
Predator recognition often requires learning by prey individuals. Iberian green frog
tadpoles (Pelophylax perezi) have the ability to learn new potential predators when their
chemical cues are finding paired with conspecific alarm cues. But, a response caused by
a random pairing of unrelated cues inducing antipredator behavior to non-predator
stimuli could be very costly to prey species. Here we study two phenomena (latent
inhibition and learning irrelevance) that could help tadpoles to avoid nonadaptative
responses to chemical cues of non-dangerous species that sometimes may appear
randomly pairing with alarm cues. Our results demonstrated that when Green frog
tadpoles experienced a random pattern of alarm cues and predator cues over the four
days before or after the simultaneous detection of these two cues, no learned association
was formed. These results showed the existence of an effect of learned irrelevance on
learning in these frog tadpole species. Also, tadpoles clearly inhibited the formation of a
learning association between predator and alarm cues after a four days period during
which they had been exposed to the predator cues alone. This result showed the existence
of an effect of latent inhibition on learning about cues related to increased predation risk
in tadpoles. Both learned irrelevance and latent inhibition far away to be considered as
a fail in predator recognition, can be rather seen as adaptive ways for dealing with
conflicting information, and as strategies to avoid learning irrelevant information and
costly antipredatory responses to non-predatory stimuli.
IntroductIon
An important component of antipre-
dator behaviour is the ability to detect
and recognize predators (Lima and Dill
1990). Many antipredator adaptations
are induced or mediated by the prey’s
ability to recognise chemical cues from
predators (Kats and Dill 1998). Many
aquatic animals, including some inverte-
brates, fishes and amphibians, use che-
mical cues to assess predation risk (e.g.
Von Frisch 1938; Petranka et al. 1987;
Dodson et al. 1994; Kiesecker et al. 1996;
Chivers and Smith 1998). Chemical cues
may arise from the predators, but chemi-
cals may also be often released by prey
when they are captured by a predator
(i.e. alarm cues) (Chivers and Smith
1998; Kats and Dill 1998), which serve as
a reliable and imminent indicator of risk
for conspecifics (Chivers and Smith
1998).
In some cases, chemically based pre-
dator recognition requires learning by
prey individuals (e.g. fishes: Mathis and
Smith 1993; damselfly larvae: Chivers et
al. 1996; crayfish: Hazlett 2003; amphi-
bians: Mirza et al. 2006, Gonzalo et al.
2007). Prey must be exposed simultane-
ously to a predator cue and a danger cue,
such as an alarm cue released by a crus-
hed conspecific, before the predator cue
is considered as a danger signal. Howe-
ver, in natural conditions, prey do not
find the predator and alarm cues paired
alone, but they also find a mix of many
several cues of a wide range (e.g. alarm
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cues, predator cues, non-predator cues).
So, prey are often confronted with cues
from multiple types of potential preda-
tors but also with cues from non-preda-
tor species, and a response caused by a
random pairing of any unrelated cues in-
ducing unnecessary antipredator beha-
vior to non-predatory stimuli could
prove to be very costly to prey species
(Belden et al. 2000). Although numerous
studies have investigated learning of pre-
dators by prey (see above), less attention
has been directed to mechanisms for
avoiding or forgetting the erroneous
learning of non-dangerous  species as
dangerous. These latter forgetting me-
chanisms are, however, very important
because they helped to prevent prey to
do not persevere with mal adaptive anti-
predator behaviours towards non-preda-
tor species.
In classical conditioning learning,
the subject learns about the relationship
between two stimuli, an unconditioned
stimulus, which produces a strong, con-
sistent, overt unconditioned response,
and a conditioned stimulus, which on it-
self    produces either no overt response
or a weak response usually unrelated to
the response that eventually will be
learned. (Kamprath and Wotjak 2004).
However, the rate at which a subject ac-
quires conditioned responses to paired
presentations of conditioned stimulus
and unconditioned stimulus can be affec-
ted by prior exposure to those individual
stimuli (Allen et al. 2002). There are two
phenomena that might be particularly
relevant to the situations that prey pro-
bably experience in nature, one is ‘latent
inhibition’, where the previous exposure
to a stimulus (without any reinforce-
ment) results in a reduction of the
strength of a learned association that
could be formed later (Ferguson et al.
2001). The other phenomenon is ‘lear-
ned irrelevance’ (Bennet et al. 2000), in
which the random exposure to two cues
altered later learning that would follow
from exposure to the two paired cues.
Thus, if both of these phenomena also
occur in the predator learning process,
the detection of a cue from a potential
predator that was not temporally linked
to conspecific alarm cues indicating
increased predation risk might later
inhibit the formation of the association
and learning that would occur normally
when the two cues appear together.
However, as far as we know very little
work has being made to demonstrate the
existence of these phenomena in the pre-
dator learning processes. Hazlett (2003)
showed learned irrelevance in virile
crayfish (Orconectes virilis). When cray-
fish are given uncorrelated presentations
of conspecific alarm cues and the cues of
a novel predator, associative learning
fails to occur. Acquistapace et al. (2003)
demonstrated latent inhibition in cray-
fish. Pre-  exposure to cues of a novel pre-
dator for two hours during three
consecutive days prevents associative le-
arning of those cues with high risk. Also
Ferrari and Chivers (2006a) demonstra-
ted the existence of latent inhibition in fa-
thead minnows. Minnows pre-exposed to
novel predator cues for one hour on five
consecutive days fail in the posterior as-
sociative learning of the predator. 
Amphibian tadpoles can learn to
recognize as dangerous unknown chemi-
cal cues when these have been pre-
viously presented mixed with conspecific
alarm cues (Mirza et al. 2006; Gonzalo et
al. 2007). Even cues from non-predatory
species can also been learned as dange-
rous if they have been previoulsy asso-
ciated to alarm cues (Gonzalo et al.
2007). However, the existence of mecha-
nisms able to prevent learning associa-
tion in amphibians remains unexplored.
In this study, we investigated whether
latent inhibition and learned irrelevance
may inhibit the associative learning of
predator cues in tadpoles of the Iberian
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green frogs (Pelophylax perezi). This spe-
cies lives and breeds in different kinds of
aquatic habitats (García-París 2000) that
contains a wide range of types of preda-
tors and non predators organisms. Also,
Iberian green frogs have long periods of
growth before metamorphosis (García-
París 2000), and their predator species
vary across seasons. Thus, accurate lear-
ning of actual predator cues should be
important for P. perezi tadpoles. Previous
experiments showed that Iberian green
frog tadpoles are able to learn potential
predators with the presentation of the
chemical cue mixed with alarm cues
(Gonzalo et al. 2007), but in natural con-
ditions frog tadpoles have to face up with
a wide range of mixed cues (e.g., alarm
cues, predator cues, nonpredator cues),
and the learning inhibition mechanisms
could be an adaptative way to avoid lear-
ning irrelevant information. So, in this
experiment we exposed Iberian green
frog tadpoles to a random patron of non-
predator and alarm chemical cues, or to
nonpredator cues alone for four days,
before the conditioning and examined
whether tadpoles recognized the non
predatory fish cues as dangerous. 
methods
study animals
During August 2006 We collected 180
Iberian green frog tadpoles (SVL,
MEAN±SE=5.2±0.3 cm, Gosner’s stage:
24; see  Gosner 1960) by netting at seve-
ral small ponds in Collado Mediano (Ma-
drid, central Spain). Tadpoles were
randomly housed in groups of five indi-
viduals at “El Ventorrillo” Field Station,
10 km from the capture area, in plastic
aquaria (18 x 25 cm and 10 cm high)
with 5 L. of water at ambient tempera-
ture and under a natural photoperiod.
Tadpoles were fed every day with com-
mercial fish flakes.
We obtained from a commercial
dealer non predatory zebra danio fish
(Brachyodanio rerio) to be used as source
of neutral scent. Before and after the
experiment finished, fishes were main-
tained in a large filtered aquarium and
regularly fed with commercial fish flakes.
All the animals were healthy during
the trials, all maintained or increased
their original body mass. The tadpoles
were returned to their exact capture site.
The experiments were performed under
license from the “Consejería de Me-
dioambiente de la Comunidad de Ma-
drid” (the Environmental Agency of the
local Government of Madrid). Procedures
are conformed to recommended guideli-
nes for use of live Amphibians in labora-
tory research (ASIH 2004).
preparation of chemical stimuli
Alarm cues of tadpoles were prepa-
red from three tadpoles (SVL, Mean±SE=
4.2±0.1 cm). They were cold anestheti-
sed by placing at 4 °C for 20 min, indu-
cing them deep hypothermia, and, then,
euthanatized with a quick blow to the
head to avoid suffering (ASIH 2004). We
did not use a chemical anaesthetic, be-
cause these chemicals may interfere with
natural tadpoles’ chemical cues in subse-
quent trials. The extract was then prepa-
red by putting these dead tadpoles in a
clean disposable plastic dish, and mace-
rating them in 3000 mL of distilled water.
The stimulus water was then filtered
through absorbent paper to remove solid
particles, and immediately frozen in
10 mL portions until used (Woody and
Mathis 1998). 
The fish stimulus was prepared by
placing ten zebra danio fishes into a 10 L
aquarium with clean water for three
days. These aquaria were aerated but not
filtered. Fishes were not fed during this
short period to avoid contaminating
water with food odour. Thereafter, water
was drawn from the aquaria and frozen
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in 10 mL portions until its use in experi-
ments. Fishes were returned and fed in
their home large aquaria.
general methodology
Tadpoles were first exposed, in their
own aquarium, over a period of five days
to different sequences of exposure to a
novel chemical cue (zebra danio fish),
conspecific alarm cue, or both types of
cues mixed (pre-exposure period). The
particular sequences and durations are
described below for each experimental
treatment.
Following this pre-exposure period,
tadpoles were tested individually in an
observation aquaria consisting of grey,
U-shaped gutters (101x11 cm and 6 cm
high) sealed at both ends with plastic
caps. We marked the internal part of the
gutters with four crossing lines that
created five subdivisions of equal sur-
face. We filled each gutter with 3 L of
clean water from a mountain spring,
which not contained fish no tadpoles, at
20ºC. We placed clear plastic over each
trough on either side of the cage to iso-
late the system from air movements in
the testing room (see Rohr and Madison
2001). We assigned test solutions (clean
water or zebra danio fish cues) to one
end of each trough (right or left) by stra-
tified randomization, and assigned 20
ml of clean water (2 ice aliquots) to the
opposite end.
In all treatments, we placed a single
tadpole covered with a release cage in
each gutter, and waited 5 min for habi-
tuation. Then we deposited the test solu-
tion ices (zebra fish for experimental
tadpoles or clean water for control tad-
poles) and we began trials by slowly lif-
ting the cages above each tadpole 5 min
after we deposited the test solution ices
aliquots (i.e. after the ices aliquots had
entirely thawed). We subsequently stood
as motionless as possible recording from
a hidden point the quadrant that each
tadpole occupied at 1 min intervals for
30 min. We calculated levels of activity
from the number of lines crossed by each
tadpole during the observation period
(Rohr and Madison 2001, Gonzalo et al
2007). Diffusion of chemicals in still
water may be a slow process. However,
all individual tadpoles used in the expe-
riment were observed at least once in all
of the subdivisions of the gutter, so we
were  confident that all tadpoles were re-
ally exposed to the chemical stimuli.
Moreover, tadpoles often showed episo-
des of fast swimming which should
contribute to diffuse chemicals in water. 
experimental design
We randomly assigned tadpoles to six
treatments of 30 individuals each (15
control and 15 experimental). Thus, each
individual tadpole only participated in
one treatment either as control or expe-
rimental. In each treatment, tadpoles
followed a different pre-exposure se-
quence and combination of exposure to
chemical cues of zebrafish and/or cons-
pecific alarm cues (see below). In short,
treatment 1 was a control of basal acti-
vity of tadpoles when exposed to alarm
cues alone. Treatments 2 and 3 were con-
trols of predator learning (treatment 2
for testing the existence of classical
conditioning learning, and treatment 3
for testing whether older fish cues
still allowed tadpoles learning preda-
tors.). Treatments 4 and 5 tested the
existence of learning irrelevance. Treat-
ment 6 tested the existence of latent
inhibition.
Treatment 1: Exposure to alarm cues
alone (basal activity)
This experiment was performed to
test whether the exposure in consecutive
days to alarm cues alone altered the
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behavioral pattern of activity of tadpoles.
This was a control to test whether expo-
sure to alarm cues alone had any effect
on tadpoles’ general activity, indepen-
dently of the presence of other cues, and
whether this effect was maintained
throughout time. All 30 tadpoles within
this treatment (maintained in six diffe-
rent aquaria) were exposed to alarm
cues alone on days 2 and 4 and to clean
water on days 1 and 3, On day 6, tadpoles
were individually placed in the observa-
tion aquaria (see general methodology
above) and tested randomly with either
zebrafish cues (experimental group,
N=15) or clean water (control group,
N=15). 
Treatment 2: Classical conditioning
Green frog tadpoles are able to learn
new cues as dangerous (Gonzalo et al.
2006), so this treatment was designed to
confirm whether tadpoles were able to
learn association of fish cues with high
predation risk. Also, we used this
treatment as a control of tadpole beha-
vior after learning, which could be com-
pared with potential learning occurring
in        treatments 4, 5 and 6. All tadpoles
(N=30; maintained in six different aqua-
ria) were trained by exposing them si-
multaneously to zebrafish cues and
alarm cues on days 2 and 4, and to clean
water on days 1 or 3. On day 6, tadpoles
were placed individually in the observa-
tion aquaria (see above) and tested ran-
domly with either zebrafish cues
(experimental, N=15) or clean water
(control, N=15).
Treatment 3: Sequential exposure (wi-
thout removal) followed by simultaneous
exposure 
This treatment simulated a natural
situation where tadpoles lived constantly
exposed to the chemical cues of a simu-
lated predator (zebrafish) that someti-
mes ate conspecifics, which released
alarm cues. During the first four days, all
30 tadpoles within this group (maintai-
ned in six different aquaria) were trained
by exposing them on alternate days to ze-
brafish cues alone followed the next day
with alarm cues alone. We did not change
water of aquaria between days, to maxi-
mize time that zebrafish cues were inside
the aquaria. On day 5, all tadpoles were
exposed to the simultaneous presenta-
tion of zebrafish cues and alarm cues for
2 h. On day 6, tadpoles were individually
placed in the observation aquaria (see
above) and tested randomly with either
zebrafish cues (experimental) or clean
water (control).
Treatment 4: Sequential exposure (with
removal) followed by simultaneous expo-
sure
This treatment was designed to test
whether tadpoles showed the pheno-
mena of learning irrelevance. We  simu-
lated a natural situation where tadpoles
lived with a non predator (zebrafish),
which chemical cues appeared indepen-
dently of predation events. During the
first four days, all 30 tadpoles within this
group (maintained in six different aqua-
ria) were trained with presentation on
alternate days of zebrafish cues alone fo-
llowed the next day with alarm cues
alone. Zebrafish cues were placed in the
training aquarium for only 2 h., and the-
reafter we siphoned about 85% of the
water from the training container (as in
Hazlet 2003) and immediately replaced
it with clean water (at room temperature
to avoid temperature shock). Water was
removed to avoid the permanence of
high concentration of zebrafish cues in
the water, thus avoiding the mix of alarm
and zebrafish cues. Exposure to fish cues
was performed on either days 1 and 3 or
days 2 and 4 and alarm cues were added
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on the alternate days. On day 5, all tadpo-
les were exposed simultaneously to ze-
brafish and alarm cues together for 2 h.
On day 6, tadpoles were individually pla-
ced in the observation aquaria (see
above) and tested randomly with either
zebrafish cues (experimental, N=15) or
clean water (control, N=15). 
Treatment 5: Simultaneous exposure
followed by sequential exposure (with
removal)
This experiment was also designed to
test whether tadpoles present the pheno-
mena of learning irrelevance. However, in
nature, a series of independent exposu-
res to two types of cues (predator and
alarm) could occur either before or after
the simultaneous detection of those cues.
Thus, tadpoles were trained in a similar
way than in the treatment 4, but in this
experiment, on day 1, all tadpoles (N=30)
were first exposed simultaneously to ze-
brafish cues and alarm cues for 2 h (with
draining of 85% of water after the expo-
sure to remove the  zebrafish cues)(Haz-
let 2003). Then all tadpoles were
exposed to zebrafish cues alone (with
posterior draining of 85% of water) on
either days 2 and 4 or on days 3 and 5
and to alarm cues alone on alternate
days. On day 6, tadpoles were  indivi-
dually placed in the observation aquaria
(see above) and tested randomly with ei-
ther zebrafish cues (experimental, N=15)
or clean water (control, N=15).
Treatment 6: Exposure to fish cues alone
followed by simultaneous exposure
This experiment was designed to test
whether tadpoles present the pheno-
mena of latent inhibition. We simulated
a natural situation where tadpoles lived
with a predator (zebrafish), but where
there were not predation events during
several days, but only until the last day of
training. All tadpoles (N=30) were expo-
sed to zebrafish cues alone on days 2 and
4 (without water removal after the expo-
sure) and to clean water on days 1 and 3.
On day 5, all tadpoles were simultane-
ously exposed to zebrafish cues and to
alarm cues together for 2 h. On day 6,
tadpoles were tested individually (see
above) with either zebrafish cues (expe-
rimental, N=15) or clean water (control,
N=15).
data analyses
Each treatment was analyzed separa-
tely. We used one way ANOVAs to test for
differences in activity level of tadpoles on
day 6 (number of lines crossed in the
observation aquaria; log transformed)
between control (clean water) and expe-
rimental (zebrafish cues) groups of  tad-
poles (Sokal and Rohlf 1995).
results
Effects of alarm cues alone
In treatment 1,: there were no signi-
ficant differences in activity on day 6 bet-
ween control and experimental tadpoles
(‘treatment’ effect: F1.28=0.41, P=0.50).
Thus, the previous exposure to alarm
cues alone did not have effects on the ac-
tivity of tadpoles when they later found
fish cues alone (Fig. 1).
Classical conditioned learning and dura-
tion of fish chemical cues
In treatment 2, there were significant
differences in activity on day 6 between
control and experimental tadpoles (‘tre-
atment’ effect: F1.28=9.99, P=0.003;).
Thus, tadpoles showed evidence of the
persistence of a learned association bet-
ween zebra fish cues and elevated preda-
tion risk by the significant later reduction
of activity in response to zebra fish cues
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alone (Fig. 1).
In treatment 3, there were significant
differences in activity on day 6 between
control and experimental tadpoles (‘tre-
atment’ effect: F1.28=13.74, P<0.001).
Thus, tadpoles previously exposed to
independent sequential presentation of
the two cues (fish and alarm), but wi-
thout removal of water that allowed the
maintenance of the two cues together,ap-
peared to form an association between
the two cues, which resulted in a decre-
ase of activity when the zebra fish cues
were later found alone (Fig. 1). 
Learning irrelevance
In both the treatments 4 and 5, there
were no signifcant differences in activity
on day 6 between control and experi-
mental tadpoles (‘treatment’ effect, tre-
atment 4: F1.28=0.41, P=0.50; treatment
5: F1.28= 2.83, P=0.10). Thus, tadpoles
that were exposed to a sequential sepa-
rated presentation of the fish and alarm
cues, did not appear to form an associa-
tion between the two cues when these
are presented  together, and showed si-
milar activity than the respective control
tadpoles when finding later the fish cues.
These results suggest that tadpoles sho-
wed the phenomena of learning irrele-
vance, where the random exposure to
fish and alarm cues alone during four
days altered learning that would follow
from exposure to the two paired cues.
Also, this effect appeared regardless
that the simultaneous exposure to fish
figure 1. Mean (±SE) activity level (i.e. numbers of line crossing) of tadpoles when exposed to
zebrafish cues (experimental) or water (control) at the end of the different treatments (see
methods): BA (basal activity with alarm cues alone, treatment 1),CC (classical conditioning,
treatment 2), D (duration of fish chemical cues, treatment 3), LIr1 (learning irrelevance, treat-
ment 4), LIr2 (learning irrelevance, treatment 5) and LIn (latent inhibition, treatment 6).
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and alarm cues occurred before (treat-
ment 5) or after (treatment 4) the inde-
pendent presentation of the cues alone
(Fig. 1).
Latent inhibition
In treatment 6, there were no signifi-
cant differences in activity on day 6
between control and experimental tad-
poles (‘treatment’ effect: F1.28=2.71,
P=0.10). Thus, tadpoles did not show an
association of zebrafish cues with preda-
tion risk when they were exposed to ze-
brafish cues alone for four days before
the simultaneous presentation of the ze-
brafish cues mixed with alarm cues. This
result suggested that tadpoles showed
the phenomena of latent inhibition
where the previous frequent exposure to
the fish stimulus alone (without any rein-
forcement with alarm cues) resulted in a
reduction of the strength of the learned
association that could be formed later
with the simultaneous presentation of
fish and alarm cues (Fig. 1).
dIscussIon
The learning ability in predator re-
cognition has been demonstrated in a
wide variety of taxa (review in Chivers
and Smith 1998). In almost every case,
the experiment protocol was an easy
classical conditioning experiment, in
which a single paired presentation of a
predator odour and alarm cues induces
an antipredator behaviour in a post ex-
posure to the predator odour alone. But,
in nature, animals continually receive
information about their environment
and must filter this information to focus
on those aspects most important to sur-
vival (Dukas 2002). Our experiments cle-
arly demonstrate (as in Hazlet 2003) that
the temporal pattern of exposure to pre-
dator and alarm cues completely deter-
mines whether a prey  organism will
form a learned association with inputs
from a successful predation event, which
can be used when the predator cues will
be later detected alone.
Predator cues can persist in the  ha-
bitat for a long time (Hazlett 2003). Fish
cues persist for more than one day
(Hazlett 2003; present study) whereas
the duration of alarm cues is shorter; Fe-
rrari et al. (2008) showed than in natural
conditions wood frog (Rana sylvatica)
alarm cues suffer a quickly degradation
in natural conditions, but nothing is
know about the duration in laboratory
conditions (as in our experiment). Only
Hazlet (1999) tested the persistence of
crayfish (Orconectes virilis) alarm cues in
artificial conditions, and concluded that
alarm cues persists at least 6 hours. Our
study showed than tadpoles can form an
association between predator cues and
alarm cues even when they were presen-
ted in different days. Thus, one day old
fish cues were effective in eliciting the
learning association in tadpoles.
In other laboratory experiment, clas-
sically conditioned green frog tadpoles
reduced their activity in response to the
fish chemical cues, and this response
could last at least nine days without
further reinforcement (Gonzalo et al. in
press). However, in nature, tadpoles are
not exposed to the presence of a single
event of paired cues, but to a mix of
different types of cues. So, the ability of
learning to recognize a predator could be
more complex than just detecting two
paired cues simultaneously. Avoiding
erroneous learning could help animals to
avoid nonadaptative responses to chemi-
cal cues of non-dangerous species that
sometimes may appear randomly pairing
with alarm cues.
Learned irrelevance occurs when the
random presentation of the two cues
indicates to the prey that the two cues
are not causally linked. Hazlett (2003)
demonstrated the existence of this
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phenomenon in crayfish. Likewise, in our
study, tadpoles failed to form an associa-
tion  between an unconditioned stimulus
and a novel cue when they had been,
previously or posteriorly, exposed to the
two cues separately. These results sho-
wed than tadpoles are able to learn that
the two types of cues are no causally con-
nected if the two cues are found indepen-
dently before or after they are found
simultaneously. Therefore, our results
demonstrate for the first time the exis-
tence of the process of learned irrele-
vance in frog tadpoles.
Latent inhibition occurs when a
previous exposure to a neutral stimulus
indicates to the animal that this cue is
not linked with others with biological
significance. Latent inhibition has been
demonstrated in crayfish (Acquistapace
et al. 2003) and in fathead minnows (Fe-
rrari and Chivers, 2006a). Likewise, in
our experiment tadpoles also failed to
form the association when they were
previously exposed to the unconditioned
fish stimulus alone for four days before
the unconditioned (fish) and the condi-
tioned (alarm) cues were presented
together. Therefore, our results demons-
trate for the first time the existence of the
effect of latent inhibition in frog tadpo-
les.
The ability to learn potential preda-
tors may be especially important for the
survivorship of prey species that are li-
kely to find a high variety of predators
while they are in the aquatic phase. Thus,
learning may enable animals to adjust
their behaviour in variable environ-
ments. However, to always respond to a
chemical cue as dangerous only because
it coincidentally appeared once mixed
with chemical alarm cues could be very
costly (Lima and Dill 1990; Belden et al.
2000). Thus, both learned irrelevance
and latent inhibition far away to be con-
sidered as a fail in predator recognition,
can be rather seen as adaptive ways for
dealing with conflicting information and
as strategies to avoid learning irrelevant
information. Nevertheless, these two
processes could also limit the ability of
prey to learn new potential predators
(Ferrari and Chivers 2006a), for example,
in the case of the Iberian green frog tad-
poles, this mechanism could interfere in
the learning of  chemicals from those
predators that usually capture other
species but opportunistically attack also
tadpoles. 
Both learning irrelevance and latent
inhibition seem to produce the same
effect, but typically the exposure to both
conditioned and unconditioned stimuli
un-correlated with each other retards
subsequent learning more than the expo-
sure to one type of stimulus alone (Ben-
net et al 1995). So learning irrelevance
seems to be even more disruptive than
latent inhibition (Bennet et al 1995).
Ferrari and Chivers (2006b) showed that
recently information plays a major role
in elicit antipredator responses with
more or less intensity in fathead min-
nows when they are exposed to predator
cues. So, if the information is always up-
dated, it is likely that tadpoles that lear-
ned irrelevance of the fish cue, or that
showed latent inhibition to the fish cue,
would be able to learn later that the fish
cue is a predator cue if they were reinfor-
ced repeatedly with alarm cues. Future
work should tell us if both processes
affect in a different way this possible
posterior learning ability, and if learning
irrelevance retards more than latent
inhibition the posterior associative
learning.
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cAPÍTuLO iV   
EVALUACIÓN qUIMIOSENSORIAL DEL RIESGO
DE DEPREDACIÓN EN RENACUAJOS DE RANA
VERDE IBÉRICA: DIFERENCIAS ENTRE EL APREN-
DIZAJE DE DEPREDADORES MEDIANTE SUSTAN-
CIAS DE ALARMA O SUSTANCIAS DE ESTRÉS
CHEMOSENSORY ASSESSMENT OF PREDATION
RISk BY IBERIAN GREEN FROG TADPOLES: DIF-
FERENCES wHEN LEARNING NEw PREDATORS
FROM ALARM OR DISTURBANCE CUES 

En los ambientes acuáticos muchas presas confían en la informa-
ción quimiosensorial proveniente de individuos coespecíficos heridos
(sustancia de alarma) o estresados (sustancias de estrés) para evaluar
el riesgo de depredación. Las sustancias de alarma son consideradas
como una señal de alto riesgo mientras que las señales de estrés deben
ser percibidas como de bajo riesgo. Estas señales químicas también pue-
den ser utilizadas por los individuos para aprender a nuevos depredado-
res potenciales. En este trabajo hemos examinado si los renacuajos
muestran una respuesta  antidepredadora cuando se les presentan seña-
les de alarma o señales de estrés, y si son capaces de aprender a reconocer
y memorizar señales químicas de nuevos depredadores asociándolos a
sustancia de alarma o de estrés. Los resultados muestran que los rena-
cuajos redujeron su actividad en presencia de las señales de estrés, pero
en menor grado que con las  sustancias de alarma de individuos coespe-
cíficos. Además, los renacuajos aprendieron nuevos depredadores gracias
a las asociaciones con sustancias de alarma o de estrés. Sin embargo, el
periodo de retención del la asociación fue mucho más corto para las sus-
tancia de estrés que para las sustancias de alarma. De este modo, los re-
nacuajos de rana verde ibérica se comportan de acuerdo a la hipótesis
de la respuesta dependiente del riesgo de depredación cuando valoran el
riesgo de depredación asociado aun depredador dependiendo si el pro-
ceso de aprendizaje ha sido debido a sustancia de alarma o una sustancia
de estrés.
Este cápitulo se corresponde con: Gonzalo A, López P, Martín J. Chemosensory assessment of predation
risk by Iberian green frog tadpoles: differences when learning new predators from alarm or distur-
bance cues . Behav Ecol Sociobiol (Submited manuscript).

chemosensory assessment of predatIon rIsk by IberIan
green frog tadpoles: dIfferences when learnIng new
predators from alarm or dIsturbance cues
In aquatic environments many prey rely on chemosensory information from injured
(alarm cues) or stressed conspecifics (disturbance cues) to assess predation risk. Alarm
cues are considered as a sign of higher risk than disturbance cues. These cues could be
used by prey to learn potential new predators. Here we tested whether Iberian green frog
tadpoles (Pelophylax perezi) exhibited antipredator responses to alarm and disturbance
cues of conspecifics, and whether tadpoles were able to learn and memorize cues of new
predators that had been previously associated with alarm or disturbance cues. Tadpoles
reduced their activity in presence of disturbance cues, but weakly when compared with
their response to alarm cues. Also, tadpoles learned new predators thanks to their
association with alarm or disturbance cues. However, the period of retention of the
learning association was shorter for disturbance than for alarm cues. Tadpoles seemed
to behave according to the threat sensitive predator avoidance hypothesis when assessing
risk level of a predator depending on the learning process had been with disturbance
or alarm cues.
IntroductIon
In aquatic habitats diverse prey
organisms rely on chemosensory infor-
mation to assess local predation risk
(Smith 1992; Chivers and Smith 1998).
Aquatic environments are ideal for the
solution and dispersal of chemicals cues,
which are especially useful in turbid
water and habitats highly structured or
for species with poor developed visual
senses (Wisenden 2000). Antipredatory
or defensive responses occur to chemi-
cals cues released by predators but also
to chemicals cues released by other prey
(i.e. alarm signals) (Kats and Dill 1998). 
Chivers and Smith (1998) divided
chemical alarm signaling systems into
two general categories based on the
point in the predation sequence when
cues are emitted. Damage-released alarm 
cues are those chemicals released by
prey animals only upon being captured
by a predator. In contrast, disturbance
cues are chemicals that are released by
senders that have been disturbed or
stressed but not captured by a predator.
Damage-released alarm cues have been
found in a variety of aquatic animals (e.g.
fish: Smith 1992; Chivers and Smith
1994; amphibians: Pfeiffer 1966; Hews
and Blaustein 1985; Wilson and Lefcort
1993; insects: Sih 1986; crustacea:
Hazlett 1994; sea anemones: Howe and
Sheikh 1975; echinoderms: Lawrence
1991; gastropods: Appleton and Palmer
1988; review in Chivers and Smith
1998). 
Chemical disturbance cues also have
been found in aquatic animals (crayfish:
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Hazlett 1985, 1989, 1990a; hermit crabs:
Hazlett 1990b; fishes: Wisenden et al.
1995; Jordão and Volpato 2000; Mirza
and Chivers 2002; amphibian tadpoles:
Kiesecker et al. 1999; Bryer et al 2001),
but they have received less attention
than alarm cues. Iowa darters, Etheos-
toma exile, increase antipredator beha-
vior when exposed to chemical cues of
disturbed conspecifics (Smith 1979; Wi-
senden et al. 1995). Both crayfish, Orco-
nectes virilis, and hermit crabs, Calcinus
lavimanus, increase antipredator beha-
vior when exposed to chemical cues re-
leased by disturbed conspecifics (Hazlett
1985, 1990b). In addition, O. virilis res-
ponds to disturbance cues produced by
numerous heterospecifics, including
other crayfish species, leeches, newts
and fish (Hazlett 1985, 1989, 1990a).
This suggests that disturbance cues have
a composition pretty common across dif-
ferent taxa.
Kiesecker et al. (1999) showed that
red-legged frog tadpoles release ammo-
nium (NH4+) upon being disturbed by a
predator, and that conspecific tadpoles
respond to the ammonium by increasing
antipredator behaviors. Also, red-legged
frog tadpoles respond with antipredator
behavior upon detecting a pulse of
commercial ammonium. So, Kiesecker et
al. (1999) argued that the disturbance
cue may be ammonium, excreted from
the gills or urine during periods of incre-
ased metabolic activity that is required
for effective escape or when prey are
exposed to some stressful situation such
as the presence of a predator. This rele-
ase of disturbance cues may not be
intentional but may represent a normal
physiological process to which other
individuals have become sensitive
(Mirza and Chivers 2002).
The release and detection of alarm
and disturbance cues have important im-
plications for predator–prey interactions.
Prey animals that detect alarm or distur-
bance cues have an early warning of the
presence of a predator and may be able
to avoid an encounter by leaving the area
(Jordão 2004) or by reducing move-
ments (Mirza and Chivers 2002) and
becoming cryptic. Early detection of a
predator’s presence will allow prey to
increase vigilance, which will probably
result in an improved chance of survival
should the encounter escalate to an
attack (Hews 1988; Mathis and Smith
1993).
However, according to the threat sen-
sitive predator avoidance hypothesis
(Helfman 1989), natural selection should
favor individuals that take action appro-
priate to the magnitude of threat, which
would require an accurate discrimina-
tion of the current level of risk that each
predator poses. Thus, the response of
prey to alarm cues should be stronger
than the response to disturbance cues, as
disturbance cues could be perceived as
lower level risk than alarm cues (Chivers
and Smith 1998). Disturbance cues are
thought to be low-level indicators of risk
to which prey animals respond with
antipredator behavior, but the detection
of disturbance cues can provide a survi-
val benefit during an encounter with a
predator (Mirza and Chivers 2002). 
Disturbance cues are perceived as
low-level indicators of threat but they
might still facilitate learning to recognize
potential predators (Chivers and Smith
1998). Mirza and Chivers (2002) showed
that damage-released alarm cues could
facilitate learning recognition of preda-
tors. Recently, Ferrari et al. (2008)
showed than juvenile rainbow trout use
the disturbance cues as a warning cue,
but trouts are not able to use disturbance
cues to learn new predators. To our
knowledge there were no studies about
the capacity of amphibians to retain the
memory of a new predator learned by
distressed cues. As disturbance cues
are low level indicators of threat we
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hypothesized that, if tadpoles are able to
learn new predators by associating them
to disturbance cues, tadpoles should
react to the new predator chemical cues
more weakly, and retain the memory of
this predator for less time, than tadpoles
that have learnt the predator by associa-
ting it to alarm cues. 
In our experiments, we first tested
whether Iberian green frog tadpoles
(Pelophylax perezi) exhibited an antipre-
dator response, and which was the
magnitude of this response, to damage-
released alarm cues from injured cons-
pecifics and to chemical cues from
disturbed conspecifics. Moreover, an ad-
ditional experiment examined whether
tadpoles were able to learn to associate
chemical cues from non-predatory exotic
fish species (to which tadpoles can not be
genetically predisposed) with predation
risk through their association with the si-
multaneous presence of alarm cues of
conspecifics, or cues of disturbed cons-
pecifics, and whether each type of cue re-
sulted in different periods of retention of
the learning association.
methods
study animals
Iberian green frog tadpoles (SVL,
Mean±SE=5.4±0.2 cm, Gosner’s stage:
25; see Gosner 1960) were collected by
netting at several small ponds in Collado
Mediano (Madrid, central Spain). Tadpo-
les were housed in groups of five at “El
Ventorrillo” Field Station, 10 km from the
capture area, in plastic aquaria (49 x 29
cm and 25 cm high) with 5 L. of water at
ambient temperature and under a natu-
ral photoperiod. They were fed every day
with commercial fish flakes.
We obtained from a commercial dea-
ler non predatory zebra danio fish
(Brachyodanio rerio) to be used as source
of neutral scent. Before and after the
experiment finished, fishes were main-
tained in a large filtered aquarium and
regularly fed with commercial fish flakes.
All the animals were healthy during
the trials, all maintained or increased
their original body mass. The experi-
ments were performed under license
from the “Consejería de Medioambiente
de la Comunidad de Madrid” (the Envi-
ronmental Agency of the local Govern-
ment of Madrid). Procedures are
conformed to recommended guidelines
for use of live Amphibians in laboratory
research (ASIH 2004).
preparation of chemical stimuli
Alarm cues of tadpoles were
prepared from three tadpoles (SVL,
Mean±SE=4.2±0.1 cm). They were cold
anesthetized by placing at 4 °C for 20
min, inducing them deep hypothermia,
and, then, euthanasied with a quick blow
to the head to avoid suffering (ASIH
2004). We did not use a chemical anaes-
thetic, because these chemicals may in-
terfere with natural tadpoles’ chemical
cues in subsequent trials. The extract
was then prepared by putting these dead
tadpoles in a clean disposable plastic
dish, and macerating them in 3000 mL of
distilled water. The stimulus water was
then filtered through absorbent paper to
remove solid particles, and immediately
frozen in 10 mL portions until used
(Woody and Mathis 1998). 
Disturbance cues of tadpoles were
prepared from 20 tadpoles that were pla-
ced into a 200 mL aquarium and stressed
by simulating a predator attack with
a wooden bird model for 30 s. The pre-
dator attacks consisted in moving the
wooden model around the aquarium
simulating ten trays to catch the tadpoles
with the beak. Care was taken not to
touch or damage any of the tadpoles.
As we did not know the period of degra-
dation of the disturbance cues, we prepa-
red them immediately before each
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experiment, and quickly used them to
avoid degradation. Ten different tadpoles
were used each time and then kept sepa-
rately, all 20 tadpoles used (10 for expe-
riment) behaved normally 1 h after being
stressed.
The fish chemical stimulus was prepa-
red by placing ten zebra danio fishes into
a 10 L aquarium with clean water for
three days. This aquarium was aerated
but not filtered. Fishes were not fed du-
ring this short period to avoid contami-
nating water with food odor. Thereafter,
water was drawn from the aquaria and
frozen in 10 mL portions until its use in
experiments. Fishes were returned and
fed in their home large aquaria. We pre-
pared control water in an identical man-
ner but without placing fish in the
aquaria (Woody and Mathis 1998).
Experiment 1: responses of tadpoles to
alarm and disturbance cues
To know whether Iberian green frog
tadpoles were able to detect disturbance
cues we planed an experiment were they
were exposed to either (1) chemical cues
from conspecifics disturbed with the
wooden bird model, (2) alarm cues from
conspecifics, or (3) clean water as a
control of basic activity levels.
Tadpoles were tested individually in
grey, U-shaped gutters (101 x 11.4 cm
and 6.4 cm high) sealed at both ends with
plastic caps. We marked the internal part
of the gutters with four crossing lines
that created five subdivisions of equal
surface. We filled each gutter with 3 L of
clean water at 20ºC that was obtained
from a mountain spring that not contai-
ned fish. We placed clear plastic over
each trough on either side of the cage to
isolate the system from air movements in
the testing room (see Rohr and Madison
2001). Each trial lasted 1 h and consisted
of a 30 min pre-stimulus period and a 30
min post- stimulus period separated by a
stimulus introduction. We assigned 10
mL of test solutions (water, alarm cues or
disturbance cues) to one end of each
trough (right or left) by stratified rando-
mization. We placed a single tadpole in
each gutter, and waited 5 min for habi-
tuation. Then, we started the ‘pre-stimu-
lus’ test (30 min). Thereafter, we added
the test solution and, immediately after
we started the ‘post-stimulus’ period (30
min). During both the pre- and the post-
stimulus periods we recorded from a
blind the quadrant that each tadpole oc-
cupied at 1 min intervals for 30 min. We
calculated levels of activity from the
number of lines crossed by each tadpole
during the observation period (Rohr and
Madison 2001, Gonzalo el al. 2007). We
used 45 tadpoles, 15 assigned randomly
to each treatment. Tadpoles only were
tested once and then discarded for the
next experiment. All individual tadpoles
used in the experiment were observed at
least once in all of the subdivisions of the
gutter, so we were confident that all
tadpoles were really exposed to the
chemical stimuli.
For each trial we calculated levels of
activity as the difference between the
numbers of line crossing between the
pre- and post-stimulus periods. Positive
values indicated increased movement
following addition of the stimulus; nega-
tive values indicate decreased activity.
Data were log transformed and then tes-
ted with a one way ANOVA, with the tre-
atment as a categorical between variable.
Subsequent post hoc multiple compari-
sons were made using Tukey’s pairwise
comparisons (Sokal and Rohlf 1995).
Experiment 2: retention of the learning as-
sociation
We designed this experiment to deter-
mine whether tadpoles were able to
learn to recognize novel predators by as-
sociating the predator chemical cues
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with disturbance cues from conspecifics,
and to know, in case that learning occu-
rred, the duration of the memory of this
predator recognition.
We randomly assigned twelve groups
of five tadpoles to three different
treatments (‘control’, ‘alarm’ and‘distur-
bance’). On the fist day of the experiment
tadpoles from the ‘control’ treatment
were exposed to the fish chemical cues
alone mixed with clean water. Simultane-
ously tadpoles from the ‘alarm’ treat-
ment were exposed to both the scent of
the fish and conspecific chemical alarm
cues, thus, simulating the cues from a
predatory fish that was eating a conspe-
cific tadpole. Similarly, tadpoles from the
‘disturbance’ treatment were exposed to
both the scent of the fish and conspecific
disturbance cues, thus, simulating the
cues from a predatory fish that failed an
attack to conspecific tadpoles but stres-
sed them. Previous studies showed that
tadpoles conditioned with the mix of fish
and alarm cues were two days later able
to recognize the fish chemical cues alone
as coming from a predator (Gonzalo et al.
2007) and were able to remember the
predators al least nine days after being
conditioning with alarm cues (Gonzalo el
al. in press). Thus tadpoles from the
alarm group were considered as condi-
tioned.
To test for the duration of the memory
of predator recognition, on days 1, 3, 6 or
9 after the initial conditioning, different
individual tadpoles from the three treat-
ments were tested with the fish chemical
cues alone in clean water. The experi-
ment was carrying on using the same
experimental procedure than in the pre-
vious Experiment 1. All tadpoles from the
three groups were tested with 10 mL of
fish scent. Each trial lasted 1 h and con-
sisted of a 30 min pre-stimulus period
and a 30 min post-stimulus period sepa-
rated by a stimulus introduction. Indivi-
dual form the three groups were tested
in parallel and observations were carried
out blind. Each day, we tested 15 indivi-
duals from each of the three groups
(control, alarm and disturbed). These
tadpoles were chosen randomly from the
several groups we had, and, after the trial
were kept separately and not used in
subsequent trials. New individual tadpo-
les were used in each trial to ensure that
we were just testing the capacity of re-
tention of the learning association. We
did not use the same individual tadpoles
in more than one test because they could
progressively learn the irrelevance of
the “non-dangerous” predator (Hazlett
2003) or habituate to the predation pres-
sure, so that the results might not reflect
duration of memory alone and will be
unclear.
For each trial, we calculated levels of
activity as the difference between the
numbers of line crossing between the
pre- and post-stimulus periods. Positive
values indicated increased movement fo-
llowing addition of the stimulus; negative
values indicated decreased activity. Data
were log transformed and then tested by
general   linear modeling (GLM; Grafen
and Hails 2002). We used ‘day’ of the trial
(i.e. days from the initial conditioning
event) and ‘conditioning treatment’ (i.e.
control vs. alarm vs. disturbed) as cate-
gorical between variables. We included
the interactions between variables in the
model to test for the effects of the diffe-
rent treatments depending on the day of
the trial. Subsequent post hoc multiple
comparisons were made using Tukey’s
pairwise comparisons (Sokal and Rohlf
1995).
results
Experiment 1: responses of tadpoles to
alarm and disturbance cues
There were significant differences
among treatments in changes in average
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activity (one-way ANOVA, F2,42=51.5;
P<0.0001; Fig, 1). Thus, tadpoles from
the “control” group were significantly
more active than tadpoles from the “dis-
turbance” and the “alarm” groups
(Tukey´s tests, P<0.001 in both cases).
Also, tadpoles from the “alarm” group re-
duced significantly more their move-
ments in the post-stimulus period than
tadpoles from the “disturbance” group
(P<0.005). Therefore, alarm cues seemed
to be considered by tadpoles as a more
dangerous signal than disturbance cues.
(Fig. 1)
Experiment 2: retention of the learning
association
On average, there were significant dif-
ferences in activity between the three
groups (‘conditioning’ effect: F2,168=
36.71, P<0.0001; Fig. 2) and overall acti-
vity of tadpoles increased significantly
over time since the initial conditioning
event (‘day’ effect: F3,168=5.60, P<0.002).
However, the interaction between factors
was significant (F6,168=3.77, P<0.002;
Fig. 2). Thus, one day after the initial con-
ditioning event, tadpoles from the two
experimental groups (‘disturbance’ and
’alarm’ group) significantly decreased ac-
tivity in the post stimulus period in com-
parison with ‘control’ tadpoles (Tukey’s
test; P<0.001 in both cases), but there
were not significant differences between
the two experimental groups (P=0.99).
However, three days after the conditio-
ning event, tadpoles from the ’distur-
bance‘ group     increased their activity to
the level of the ’control‘ group (P=0.99),
and maintained this activity level later on
days six and nine (P≥0.9, in both cases),
while tadpoles conditioned with alarm
cues (‘alarm‘ group) maintained their
low activity level during all the nine days
in comparison with the ’control‘ and ’dis-
turbance‘ groups (P≤0.03 in all
cases)(Fig. 2).
Figure 1. Mean (±SE) activity level (i.e., difference between the numbers of line crossing between
the pre- and post-stimulus periods) of tadpoles exposed to conspecific disturbance cues, water
alone or conspecific alarm cues.
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dIscussIon
The results of the first experiment
show that Iberian green frog tadpoles
display antipredator behaviors (i.e. a
reduction in activity) in response to
chemical cues released from disturbed
conspecifics. This is a typical antipreda-
tory response reported in Iberian green
frog tadpoles in the presence of alarm
cues (Gonzalo et al. 2007). But the results
also showed that reduction of activity
levels is stronger in response to alarm
cues than to disturbance cues. According
to the threat sensitive predator avoi-
dance hypothesis,hypothesis, prey spe-
cies should behave flexibly towards a
varying degree of predator threat and,
consequently, leave more time for other
activities when the threat is low (Helf-
man 1989). If tadpoles react weakly to
disturbance cues, it is   possible that tad-
poles are assessing risk based on the na-
ture of the chemicals cues and adaptively
balancing the costs and benefits of pre-
dator avoidance. Often the intensity of an
animal’s antipredator response reflects
the level of threat posed by the predator
(Helfman 1989; Chivers et al. 2001).
When it comes to chemical cues, the type
of cue that an animal detects may be used
to mediate the intensity of the antipreda-
tor response. The threat-sensitive preda-
tor avoidance hypothesis predicts that  as
the threat of chemical cue decreases, the
intensity of the antipredator response
will likewise decrease (Helfman 1989).
Disturbance cues are thought to be low
level indicators of risk whereas alarm
cues are high level indicators of risk
(Chivers and Smith 1998), so is logical
that, if tadpoles can asses acutely the risk
level, they react differently to predators
labeled with different types of chemical
cues, as we have found in our experi-
ment. Also, another explanation might be
that the presence of disturbance cues
figure 2. Mean (±SE) activity level (i.e., difference between the numbers of line crossing between
the pre- and post-stimulus periods) of experimental and control tadpoles when exposed to
non-predatory fish alone, several days after the initial conditioning with fish cues mixed with
conspecific alarm cues, or fish cues mixed with conspecific disturbance cues.
83
could put the tadpoles in a state of heigh-
tened vigilance, which could result in a
decrease of activity similar to the anti-
predatory typical response (Ferrari et al
2008). Different concentration of both
types of cues could be an alternative ex-
planation for the differences in activity
reduction, but in natural habitats, the
concentration of alarm cues when a tad-
pole is trapped by a predator should be
higher than the concentration of distur-
bance cues released by a tadpole when is
stressed by a predator. Therefore, diffe-
rences in reduction of activity are more
likely a consequence of the different
nature of the two cues rather than a
consequence of the different cues’
concentration. 
The ability to learn and memorize
potential predators may be especially
important for the survivorship of prey
species that are likely to find a high va-
riety of predators while they are in the
aquatic phase (Gonzalo et al. 2007). The
results of the second experiment showed
that tadpoles remember the fish chemi-
cal cues for nine days if they had been
conditioning with alarm cues. Tadpoles
also reacted to the fish chemicals if they
had been conditioning with disturbance
cues, which implies that tadpoles are
able to learn and remember al least for
one day the potential predator labeled
with the disturbance cues. However, tad-
poles had apparently forgotten quickly
the disturbance learned association, be-
cause in the next days they behaved as
control tadpoles, and did not reduce their
activity. 
In natural conditions, tadpoles conti-
nually receive information about their
environment and must filter this infor-
mation to focus on those aspects most
important to survival (Dukas 2002). So,
tadpoles have to face up with a wide
range of mixed chemicals signals, (e.g.,
alarm cues, disturbance cues, predator
chemical cues, nonpredator cues). Howe-
ver, prey animals often do not have com-
plete information about their environ-
ment, and can make less accurate
estimations of predation risk. This could
lead them to either over- or underesti-
mate risk (van der Veen 2002). In our
experiments we gave tadpoles incom-
plete or unreliable information regarding
a new predator identity, allowing them
only to “smell” a new potential predator
with different levels of threat. As we see,
to elicit an antipredator response to pre-
dator chemicals cues during the first day
after the conditioning event, even overes-
timating the potential risk level, could be
adaptative because tadpoles had passed
recently through a conditioning event of
biological importance (learning a new
potential predator). But the differences
of signaling risk level between the two
types of cues (disturbance vs. alarm)
were clear when we tested the tadpoles’
memory to the learned association. As
tadpoles did not have other additional in-
formation on the actual risk of this parti-
cular predator, the selection of an
antipredator behavior should be infor-
med by recent experiences (Turner et al.
2005; Ferrari and Chivers 2006). Thus, a
predator labeled with alarm cues is con-
sidered more dangerous than a predator
labeled with disturbance cues, and, the-
refore, more prone to be remembered
and to unleash antipredator behaviors in
the tadpoles over the time. In contrast to
our results, juvenile trouts are not able to
learn chemicals from new predators
from disturbance cues (Ferrari et al.
2008). This difference could be explained
by the differences in the time of exposure
to the predator chemicals before the
conditioning event. We found activity
reduction in tadpoles 24 h after the con-
ditioning, but responses had dissapeared
after 72 h, However, Ferrari et al. (2008)
did not test fishes until 48 h after their
conditioning. Thus, if prey are able to
retain the association between predator
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cues and disturbed cues only for a few
hours, activity reduction of fishes might
be undetected after 48 h. Also, it is likely
that the learning capacities of tadpoles
differ from those of fishes.
Although the disturbance cues have
not been well studied as the alarm cues,
their involvement in tadpoles decision
making over time is evident. Mirza and
Chivers (2002) demonstrated that juve-
nile brook charr enhance survival during
encounters with predators, if brock charr
were previously conditioned with distur-
bance cues. Ferrari et al. (2008) argued
that this result could be due to the effect
of disturbance cues in the increase of
vigilance. But, as the brook charr were
tested few hours after the conditioning
they coud retain the association between
the two cues. Similarly, our data show
that tadpoles are able to learn new pre-
dators, only for few hours, thanks to dis-
turbance cues and to react to the
chemical cues of those predators the next
day after the conditioning. However, tad-
poles do not retain the association as
long as they do when they have learned
predators by an association with alarm
cues. 
In a previous experiment, Iberian
Green frog tadpoles behaved flexibly
towards a varying degree of predator
threat, such that some snakes normally
perceived as a low dangerous predator
were perceived as a very dangerous one
if tadpoles had been previously exposed
to snake chemical cues mixed with alarm
cues (Gonzalo et al. 2007). Our current
data support the idea that Iberian Green
frog tadpoles behaved according to
the threat sensitive predator avoidance
hypothesis when they faced up a preda-
tor labeled with disturbance cues or
alarm cues. Alarm cues alone were per-
ceived as a sign of high risk whereas
disturbance cues elicited a weaker reac-
tion. Also, our results indicated that
Iberian Green frog tadpoles are able to
modify their antipredatory behavior ac-
cording to their previous experience
with chemical cues  of the predator.
Thereby, fish were perceived to be very
dangerous predators over the time if the
tadpoles had been previously exposed to
fish cues mixed with alarm cues (i.e.
chemical cues from a predator that was
eating a conspecific) but the same fish
species was perceived as a dangerous
predator only for one day if tadpoles had
been exposed to fish cues mixed with
disturbance cues (i.e., chemical cues from
a potential predator that frightened
some conspecifics). Our goal here is
to show  that there is a clear large diffe-
rence in long time effects of two types of
chemical cues with different degree of
threat, one of them (alarm cues) used to
memorize predators and other (distur-
bed cues) used to be awareness at first,
but not to memorize a predator.
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cAPÍTuLO V   
LAS SUSTANCIAS qUíMICAS DE DEPREDADORES,
PERO NO LAS DE INDIVIDUOS COESPECíFICOS
INFLUENCIAN LA SELECIÓN DE CHARCAS EN
INDIVIDUOS METAMÓRFICOS DE RANA VERDE
PREDATOR, BUT NOT CONSPECIFIC, CHEMICAL
CUES INFLUENCE POND SELECTION BY
RECENTLY METAMORPHOSED GREEN FROGS

En los anfibios, los adultos y las larvas tienen requerimientos
ecológicos diferentes, lo que puede forzar a los individuos recién
metamorfoseados a dispersarse. La presencia de señales químicas de
individuos coespecíficos y depredadores puede proporcionarles informa-
ción sobre las cualidades del hábitat, lo que puede influir en las decisiones
de asentamiento de los juveniles. En este trabajo hemos examinado en el
laboratorio si la selección de una charca por individuos recién metamor-
foseados de rana verde ibérica (Pelophylax perezi) está influida por la
presencia, en el agua, de señales químicas de individuos coespecíficos y/o
de depredadores. Los resultados sugieren que las ranas verdes Ibéricas
son capaces de detectar la presencia de señales químicas de serpientes
depredadoras en el agua, y así evitar esas charcas. Sin embargo,  las ranas
no mostraron ni atracción ni rechazo a charcas con sustancias químicas
de individuos coespecíficos. Así, los juveniles recién metamorfoseados,
deben seleccionar sus territorios post-metamórficos basándose en la falta
de riesgo de depredación, y posiblemente en características del hábitat,
pero no en la presencia de otros coespecíficos.
Este cápitulo se corresponde con: Gonzalo A, Cabido C, Galán P, López P, Martín J (2006) Predator, but
not conspecific, chemical cues influence pond selection by recently metamorphosed Iberian green frogs,
Rana perezi. Can J Zool 84:1295-1299

Predator, but not consPecIfIc, chemIcal
cues Influence Pond selectIon by recently
metamorPhosed IberIan green frogs
In amphibians, adults and larvae have different ecological requirements, which could
force recently metamorphosed individuals to disperse. The presence of chemical cues of
conspecifics and predators could provide information about the habitat quality, which
might influence the juveniles’ settlement decisions. We examined in the laboratory
whether pond choice by recently metamorphosed Iberian green frogs (Pelophylax perezi)
is influenced by the presence of chemical cues from conspecifics and/or from predators
in the water. Our results suggest that frogs were able to detect the presence of chemical
cues of snake predators in the water, and that avoided entering such ponds. However,
frogs did not show either attraction or avoidance to ponds with conspecifics chemical
cues. Thus, juvenile frogs may select their post-metamorphic territories relying on the
lack of predation risk, and possibly on some habitat features, but not on the presence
of conspecifics.
IntroductIon
In amphibians, changes in life style
are especially obvious in the transition
from aquatic larvae to terrestrial postme-
tamorphic and adult stages (Duellman
and Trueb 1986). Adults and larvae often
have different ecological requirements,
which could force recently metamorpho-
sed individuals to disperse when they
complete their growth as larvae. During
the transient phase of dispersal is very
important an appropriate selection of the
future home range (Clobert et al. 2001).
In amphibians, the distance of dispersion
is generally small and juveniles may
occupy home ranges in vacant spots
among adults or in peripheral locations
(Zug et al. 2001). Thus, recently meta-
morphosed juveniles may need to search
for peripheral potential home ranges,
where is important to evaluate habitat
quality and predation risk.
In selecting a good home range where
to establish, a dispersing individual have
to considerate several factors like 
physicalones (e.g., temperature, humi-
dity), and also the presence of conspeci-
fics or predators (Stamps and Tanaka
1981; Clobert et al. 2001). Some amphi-
bians may detect conspecific chemical
cues (e.g., Jaeger et al. 1986; Aragon et al.
2000; Waldman and Bishop 2004). Cons-
pecific cues could provide information
about habitat quality, because they may
reflect the presence of food, appropiate
environmental conditions, and low pre-
dation risk (Woody and Mathis 1997). In-
dividuals may, then, settle in clusters
because they are attracted to conspeci-
fics, rather than habitat features (Stamps
1988; Graves et al. 1993; Muller et al.
1997; Quinn and Graves 1999). Never-
theless, the presence of conspecifics
might not be desirable when it may in-
crease competition for food or potential
mates (Griffiths et al. 1991).
Additionally, the detection of preda-
tors is important. Prey often respond to
the threat of predation by decreasing the
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frequency or efficiency of behaviour
associated with other activities (Lima
and Dill 1990). Minimizing the negative
effects of such trade-offs requires prey to
discriminate threat levels and to adjust
their behaviour accordingly. Animals that
fail to respond appropriately to predator
stimuli have a decreased probability of
survival. In aquatic vertebrates, both vi-
sual (Karplus and Algom 1981) and che-
mical cues (Chivers and Smith 1993) may
be important for predator recognition.
However, chemical detection of preda-
tors is clearly advantageous to prey when
the use of other sensory mechanisms is
difficulted by environmental characteris-
tics, such as turbid water or abundant ve-
getation (Kats and Dill 1998). Whereas
many frog tadpoles deetct predators via
chemical cues, from predators or conspe-
cific alarm cues (Kats and Dill 1998),
adult frogs mainly use vision and hearing
to   detect predators, which could be ad-
vantageous when a terrestrial predator
approaches. However, many frogs escape
by jumping to the water (Williams et al.
2000). Thus, tadpoles’ ability to detect
chemicals  of predators could be advan-
tageous, especially when assessing a po-
tential habitat. Many studies have tested
the mechanisms of predator chemical de-
tection in amphibian larvae (e.g. Pe-
tranka and Hayes 1998; Petranka et al.
1987; Manteifel 1995; Griffiths at al.
1998; see review in Kats and Dill 1998).
However, only a few studies have exami-
ned the prevalence of this mechanism in
metamorphosed frogs or toads (Heinen
1994; Flowers and Graves 1997; Schley
and  Griffiths 1998; Belden et al. 2000;
Chivers et al. 2001). 
In this paper, we examined in the
laboratory whether pond choice by
recently metamorphosed Iberian green
frogs (P. perezi) is influenced by the pre-
sence of chemical cues from conspecifics
and predators in the water. We hypothe-
sized that 1) if frogs would be attracted
to territories near conspecifics, they
should select ponds containing conspeci-
fic cues, and 2) frogs should avoid ponds
containing predator cues.
methods
study animals
During August 2003, we collected 20
recently metamorphosed green frogs
(SVL, Mean±SE=20.7±0.2 mm) at several
small ponds in Collado Mediano (Madrid,
central Spain). In this habitat, frogs had
the opportunity to choose among small
nearby ponds, that contained abundant
aquatic vegetation. Frogs were maintai-
ned under two experimental conditions
at “El Ventorrillo” field station (5 km
from the capture site). Twelve frogs
were housed individually in aquaria
(18x25x10 cm), with water at ambient
temperature and under a natural photo-
period. The other eight frogs were kept
in groups in two aquaria (20x20x15 cm)
to be used as donors of conspecifics
scent. We fed frogs with tenebrio larvae
(Tenebrio molitor) twice a week. 
We also captured in nearby larger
ponds two viperine snakes, Natrix
maura, to be used as predator scent do-
nors. This snake is predominantly aqua-
tic and feeds mainly on insects,
amphibians, both larvae and adults, and
fishes (Haley and Davies 1986; Braña
1998). Snakes were housed individually
in cages (36x25x13 cm) containing saw-
dust and tree barks for cover and a pond
with water. The snake’s cages were pla-
ced in rooms separate from the frogs to
avoid contact with the scent and visual
stimuli by frogs. We kept the snakes two
weeks in captivity, where they were fed
small pieces of commercial freshwater
fishes obtained from a fish-market. We
did not feed snakes with frogs to avoid
the potential effect of frogs responding to
alarm cues of conspecifics rather than to
snake’s chemical cues alone (Chivers and
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Mirza 2001). All animals seemed healthy
during the trials, and we returned them
to their exact capture sites at the end of
trials.
experimental design
We conducted the experiments in
glass terraria (50x40x50 cm). Two plas-
tic rectangular trays (18x40x2 cm) filled
with water were placed at the opposite
ends of the terrarium. Between the trays
we placed a plate (14x40 cm) of Pores-
pan. Thus, we simulated two ponds sepa-
rated by a central dry area.
We planned a repeated measures
design in which each frog was tested in
each of three treatments in a randomized
sequence, but participated in only one
test per day. In the ‘control’ treatment,
the two ponds were filled with clean
water (coming from a nearby clean
mountain stream that did not house
frogs nor snakes) In the ‘conspecifics’
treatment, we used clean water in one
pond and water with conspecific frog
chemical stimuli in the other pond, to
test for attraction or avoidance to cues of
conspecifics. In the ‘predator snake’ tre-
atment, we used clean water in one pond
and water containing viperine snake che-
mical stimuli in the other pond, to test for
possible recognition and avoidance of
water used by potential predators. We
randomly altered the spatial position of
the ponds in each trial. We took the water
with conspecific’s chemical stimuli from
the aquaria where groups of frogs had
been maintained for at least three days.
The water with snake’s chemical stimuli
was prepared by placing the snakes in
aquaria with clean water for 48 h. On the
day of testing, we removed water from
each tank to fill the ponds (200 ml each)
in the respective choice tests, 15 min
prior to the start of each test.
Tests were made between 11:00 and
13:00 h when frogs were fully active. We
gently placed a single juvenile frog cove-
red with a small glass cage in the centre
of experimental aquarium, and waited 5
min for habituation. Each test began
when we lifted the cage, releasing the
frog. We subsequently stood as motion-
less as possible recording frogs’ behavior
from a hidden point 4 m away from the
aquaria. Preliminary trials showed that
frog behavior did not differ bewteen si-
tuations when there was a motionless
observer and trials filmed with video, wi-
thout any observer.in the room. Typically,
frogs stayed a few minutes in the middle
of the aquarium, and then jumped to the
water of one pond, and occasionally
changed from one pond to the other. 
We noted the location of the frog each
5 min, the first pond election, and the
number of times that the frog changed
between ponds. If a frog was located in
any of the two ponds, it was designated
as having chosen that pond, whereas if it
was located out of the water, it was desig-
nated as having made no choice. We also
recorded the ‘total time’ that the frog
spent in each pond, and calculated the
‘relative time’ spent in each pond as the
time spent in a particular pond/total
time spent in any pond. Each trial lasted
2 h, after which the aquarium, the trays
and the Porespan were carefully washed
with unodorus detergent and drained to
avoid odour contamination.
data analyses
We determined the frog’s preferred
pond by calculating in which pond the
frog spent greater than 50 % of its time
(excluding time spent in the no-choice
area). To assess whether frogs chose one
of the ponds, we calculated the number
of frogs that spent greater than 50 % of
their time in a particular stimulus pond
and compared it to an expected binomial
distribution assuming frequencies to be
equiprobable on each pond (for a similar
95
procedure, see Chivers et al. 1997; Ara-
gón et al. 2000). To compare the ‘total
time’ and ‘relative time’ spent in the pond
with chemical cues, and the number of
the number of changes between ponds
across treatments, we used nonparame-
tric Friedman’s two-way ANOVA. To in-
clude the control treatment in these
analyses we used the time spent in one
of the two ponds with clean water selec-
ted at random. Pairwise comparisons of
means were conducted using nonpara-
metric multiple comparison procedures
described in Sokal and Rohlf (1995).
results
In their first choice, frogs did not
significantly select any pond in any of the
treatments; based on the null hypothesis
that the likelihood of entering one pond
was equal for any of the ponds (clean
water or water with chemical cues), the
probability that one type of pond was
first chosen was not significantly diffe-
rent from the expected in any of the three
treatments (two-tailed binomial tests,
clean/chemicals, control: 5/7, P=0.77;
conspecifics: 4/8, P=0.39; snake: 7/5,
P=0.77).
Total time spent in the pond with
water with chemical cues differed signi-
ficantly between treatments (Friedman’s
ANOVA, χ22,12=9.30, P<0.01) (Table 1).
Thus, frogs spent significantly less time
in the pond with chemical cues in the
snake treatment than in the other treat-
ments (non-parametric multiple compa-
risons, P<0.02, in both cases), but there
were non significant differences between
the conspecifics and the control treat-
ments (P=0.18). Similarly, relative time
spent in the pond with water with
chemical cues differed significantly
between treatments (Friedman’s ANOVA,
χ22,12=13.31, P<0.002) (Table 1). Thus,
frogs spent significantly relatively less
time in the pond with scent in the snake
treatment than in the other treatments
(non-parametric multiple comparisons,
P<0.02 in both cases), but there were
non significant differences between the
conspecifics and the control treatment
(P=0.48). The number of changes bet-
ween ponds did not differ significantly
among treatments (Friedman’s ANOVA,
χ22,12=3.80, P=0.15) (Table 1).
When we estimated the pond selec-
ted by frogs from the proportion of time
spent in each pond, frogs in the control
and conspecifics treatments did not sig-
nificantly select any pond (Table 1). Ho-
wever, in the snake treatment, frogs
clearly avoided ponds containing water
with viperine snake chemical cues. Simi-
lar results arose when we considered the
relative time spent in each pond to assess
the pond chosen (Table 1). 
dIscussIon
Our results suggest that recently
metamorphosed Iberian green frogs
were able to detect the presence of che-
mical cues of snake predators in the
water, and that they left the pond as soon
as they detected predator cues. Visual
cues are important in eliciting an anti-
predator   response in anurans (e.g. Wi-
lliams et al. 2000), but the use of more
than one sensory stimulus could be ad-
vantageous in habitat selection. The de-
tection of chemical cues may inform
about the continuous presence of a pre-
dator in a certain area even if it is hidden
(Kats and Dill 1998), whereas visual
cues, only inform about the current pre-
sence of the predator. Thus, when frogs
select a pond, the combined use of visual
and chemical detection could be more
advantageous than the use of visual cues
alone. Although visual detection could be
useful to avoid active foraging predators,
chemical cues are more useful in detec-
ting ambush predators, especially in
complex habitats where visual detection
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complex habitats where visual detection
might be restricted (Mathis and Vincent
2000; Van Damme et al. 1995). Thus, che-
mical cues could be  especially important
in detection of viperine snakes because
these snakes typically remain hidden in
aquatic vegetation while ambushing
frogs (Haley and Davies 1986). 
Although previous studies on amphi-
bians have demonstrated the ability of
anurans to avoid chemical cues of preda-
tors, most were performed with tadpoles
(see review en Kats and Dill 1998), and
only a few demonstrated the prevalence
of this mechanism in post-metamorphic
anurans. These studies were performed
on terrestrial bufonids (Heinen 1994;
Flowers and Graves 1997; Belden et al.
2000), discoglossids (Schley and Griffiths
1998), hylids (Chivers et al. 2001) and ra-
nids (Chivers et al. 1999). Our study
shows the presence of this ability to
table 1. Summary statistics of total time and relative spent by recently metamorphosed green frogs,
P. perezi, in the pond with water with scent, and number of changes between ponds for each treat-
ment. The number of frogs that spent greater than 50 % of their time in each pond (water with scent
vs. clean water) for each treatment, and the corresponding P-values from binomial tests are indicated. 
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detect snake chemicals in recently meta-
morphosed juveniles of a ranid, and sug-
gests its importance in habitat selection.
This mechanism may be presented in
other anuran groups because anurans
have well developed vomeronasal organs
(Scalia 1976). 
Metamorph Iberian green frogs are
often forced to disperse from breeding
ponds, which obviously provide suitable
habitat for the adults, to small nearby
swallow temporal ponds (Lizana et al.
1989), because adults compete for the
better places (Schneider and Steinwarz
1990), with larger adults being found in
central positions in the pond. Thus, there
is some degree of spatial segregation
between adults and juveniles (Lizana et
al. 1989). Moreover, adult frogs eat any
prey smaller than themselves, including
metamorphs (personal observation). Ju-
veniles can either select territories with
similar body size conspecific presence
(Stamps 1988; Graves et al. 1993), or
avoid them (Léna and Fraipont 1998).
The detection of conspecific chemicals
could be advantageous in selecting a ha-
bitat either because they provide infor-
mation about the habitat quality (Woody
and Mathis 1997), or because they reflect
a high potential local competition for
food (Griffiths et al. 1991). The detection
of conspecifics chemical cues has been
found common in many newts and sala-
manders (e.g. Jaeger et al. 1986; Aragon
et al. 2000) but more rarely in anurans
(Waldman and Bishop 2004). Our results
suggest that recently metamorphosed
Iberian green frogs do not show attrac-
tion or avoidance to ponds with conspe-
cifics chemicals. Thus, Iberian green
frogs do not seem able to detect chemical
cues of conspecifics. However, it remains
possible that the frogs would detect
conspecifics and be attracted to low den-
sities of conspecifics, but not to high den-
sities of conspecifics (as might indicate
water with concentrated chemical cues
from the small aquaria containing the
four conspecifics used as donor in our ex-
periment), because competition may be
too high. If this was the case, then it is
possible that the lack of response to
conspecific cues might be a density issue.
Alternatively, the presence of conspeci-
fics might not be important when selec-
ting a pond. Food could be available to all
individuals in all ponds and not be a res-
tricted factor for juveniles, or not be as
important as other factors. Adult male
Iberian green frogs defend small territo-
ries against other males, but only during
the mating season (Schneider and Stein-
warz 1990). Also, because this frog oc-
curs in relatively dense populations, the
localization of ponds with low popula-
tion densities of conspecifics might be
difficult.
We conclude that post-metamorphic
Iberian green frogs seemed to select
ponds relying on the potential threat of
predation by water snakes, whereas
conspecific cues did not seem to in-
fluence their decisions.
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cOncLuSiOneS

1. Dependiendo de experiencias previas, los renacuajos de rana verde ibérica
son capaces de discriminar el nivel de riesgo que posee el depredador y ajus-
tar su comportamiento en función de éste, de acuerdo con la hipótesis de la
respuesta dependiente del nivel de riesgo de depredación.
2. Los renacuajos de rana verde ibérica aprenden a reconocer una señal química
nueva y no peligrosa como peligrosa al asociarla con sustancias de alarma
de individuos coespecíficos. Este mecanismo de aprendizaje puede ser espe-
cialmente importante para la supervivencia de especies que se encuentran
con una gran variedad de depredadores durante su fase acuática o con dife-
rentes especies depredadoras dependiendo de las estaciones. 
3. Los renacuajos de rana verde ibérica son capaces de asociar una sustancia
química con un riesgo de depredación y reaccionar ante ella por lo menos
durante nueve días.
4. A partir de los nueve días del aprendizaje se produce una perdida de la res-
puesta, lo que sugiere una necesidad de refuerzo para mantener la asocia-
ción y la intensidad de la respuesta.
5. La perdida de la respuesta con el tiempo y la aparente perdida de memoria
pueden ser una estrategia evolutiva encaminada a evitar comportamientos
antidepredatorios costosos en respuesta a sustancias químicas de especies
no peligrosas que accidentalmente aparecieron emparejadas con sustancia
de alarma de coespecíficos
6. Los renacuajos de rana verde ibérica presentan los mecanismos de aprendi-
zaje de lo irrelevante y de inhibición latente que en determinadas circustan-
cias les imposibilita realizar asociaciones entre un incremento del riesgo de
depredación, indicado por la sustancia de alarma de coespecíficos, y sustan-
cias químicas de un supuesto depredador.
7. Ambos mecanismos (aprendizaje de lo irrelevante e inhibición latente) son
vías adaptativas para enfrentarse con información conflictiva, y estrategias
para evitar el aprendizaje de información irrelevante que desencadenen cos-
tosas respuestas antidepredatorias ante estímulos de especies no depreda-
doras. 
8. Los renacuajos de rana verde ibérica, reaccionan ante sustancias de estrés
de individuos coespecíficos en menor medida que ante sustancias de alarma
de coespecíficos, comportándose de acuerdo con la hipótesis de la respuesta
dependiente del nivel de riesgo de depredación, así el tipo de sustancia de-
tectada es usada para determinar la intensidad de la respuesta antidepre-
datoria desencadenada.
9. Así mismo, los renacuajos de rana verde ibérica se comportan de acuerdo a
la hipótesis de la respuesta dependiente del nivel de  riesgo de depredación
cuando valoran el riesgo de depredación asociado a un depredador depen-
diendo si el proceso de aprendizaje ha sido debido a sustancias de alarma o
a sustancias de estrés. 
10. Los renacuajos son capaces de recordar al menos nueve días a los depreda-
dores potenciales marcados con sustancias de alarma, pero sólo durante un
día a los marcados con sustancia de estrés. Así, la sustancia de alarma es
utilizada para memorizar y recordar depredadores, pero la sustancia de
estrés no, al implicar menor riesgo.
11. Los individuos metamórficos de rana verde ibérica son capaces de reconocer
las señales químicas de los depredadores y evaluar la seguridad del hábitat
terrestre en base a ellas.
12. En contraste, las señales químicas de individuos coespecíficos no parece ser
detectadas o no son utilizadas como método de evaluación de la calidad del
hábitat.
13. El reconocimiento del peligro que posee un depredador varía en función de
experiencias anteriores de los renacuajos y se modifica según estas experien-
cias. En los renacuajos de rana verde ibérica, el reconocimiento y la memoria
de depredadores no es algo fijo, sino que continuamente se actualiza la
información recibida y actúan en base a ella.
14. En todas sus decisiones antidepredatorias, los renacuajos se comportan de
acuerdo con la hipótesis de la respuesta dependiente del nivel de riesgo de
depredación que implica tener un comportamiento flexible en la respuesta
antidepredatoria para adaptarse ajustadamente al riesgo de depredación
existente en cada momento.
15. La habilidad de aprender a reconocer a un depredador es más compleja que
simplemente la asociación de dos sustancias químicas simultáneas. Existen
mecanismos en el aprendizaje para evitar asociaciones incorrectas que pue-
dan llevar a los renacuajos a desencadenar respuestas hacia sustancias
químicas de especies no peligrosas con las que comparten el hábitat.


La presente tesis estudia e intenta clarificar cómo actúan los
mecanismos de aprendizaje (definido como el cambio en el patrón
de comportamiento individual basándose en la experiencia) para
permitir a las presas enfrentarse a cualquier peligro presente en el
ambiente (incluso aquellos en principio novedosos o desconocidos).
En particular, se quiere profundizar en la manera en que la presa
adquiere información sobre la identidad y la peligrosidad de los
depredadores y cómo ajusta continuamente sus respuestas ante los
riesgos existentes y la información recibida del medio.
En los renacuajos de rana verde ibérica han evolucionado
mecanismos de aprendizaje de depredadores mediante sustancias
emitidas por individuos conespecíficos. Sin embargo, la habilidad de
aprender a reconocer a un depredador es más compleja que simple-
mente la asociación de dos sustancias químicas simultáneas. El
reconocimiento del peligro que posee un depredador varía en función
de experiencias anteriores de los renacuajos y se modifica según estas
experiencias. En los renacuajos de rana verde ibérica, el reconoci-
miento y la memoria de depredadores no es algo fijo, si no que conti-
nuamente se actualiza la información recibida y se actúa en base a
ella. Así los renacuajos se comportan de una manera flexible ajustando
sus comportamientos antidepredatorios al riesgo de depredación
existente en cada  momento, siempre de acuerdo con la hipótesis de
la respuesta dependiente del nivel de riesgo de depredación.
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